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Abstract 
The use of bio-mimetic receptor systems have been considered in a quest for affinities and 
specificities that are on a par with natural receptors for rapid in-situ analysis based on 
coupled-sensor techniques. The work describes the experimental optimisation and 
characterisation of hydrogel-based molecularly imprinted polymers (MIPs) for a range of 
proteins and pathogens, including plant viruses. A variety of acrylamide-based functional 
monomers, along with several integrated metal complexes for signal transduction have 
been exploited in the fabrication of both bulk and surface imprinting of MIPs. 
Spectrophotochemical, electrochemical and quartz crystal microbalance (QCM) analytical 
techniques were utilised for quantifying imprinting effects by assessing specific and/or non-
specific binding. Bulk imprinting exhibited high selectivities (rebinding efficiencies ≈ 80%) 
and imprinting factors of ≈ 14 (MIP/NIP ratio) across varied templates. MIP-coupled QCM 
sensors illustrated binding and elution of target proteins through distinct frequency and 
impedance transitions at 3 mg mL-1. QCM surface imprinting via electrochemically-induced 
polymerisation (ECIP) was less successful. Whereas electrochemical ECIP methods using 
glassy carbon electrodes (GCEs) illustrated good compatibility, higher sensitivities, and a 
limit of detection (LOD) of 16 µg mL-1 and a limit of quantification (LOQ) of 56 µg mL-1 for 
BHb. Pattern recognition techniques using multivariate analysis were also implemented to 
reduce complex data sets. Principle component analysis (PCA) and linear discriminant 
analysis (LDA) techniques illustrated unique binding pattern profiles depending on the 
sample matrix analysed, significance (ρ) ≤ 0.0005. The latter ECIP methods were also 
transposed onto disposable screen-printed carbon electrodes (SPCEs) based on the 
introduction of redox tracers (both externally and within the MIP matrix). SPCEs offer an 
attractive opportunity for the development of miniaturised low cost electrochemical 
sensors. However, several complications arose and little sensitivity was observed in terms of 
MIP binding. Once fully developed, the benefits of sensitivity, specificity and stability of 
MIPs coupled with discriminatory sensor techniques, as described here, could be crucial to 
the future impact of portable diagnostics for personal healthcare and use by health 
professionals. This technology also presents major potential benefits to environmental and 
food monitoring as it could provide an inexpensive, fast, and efficient diagnostic method for 
highly sensitive analytical procedures. 
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1 Chapter One 
Introduction 
 
Introduced or naturally occurring pathogens can cause significant disruption to the 
environment, raise panic in the population and result in significant economic losses. On-site 
diagnostic (OSD) and point-of-care (POC) tools for in-field use are an essential part of 
emergency management given that early detection of an environmental hazard leads to 
rapid containment and corrective action. To this end there has been extensive research on 
detection platforms based on genetic or immune techniques [1]. However, the development 
of sample preparation methods needed to concentrate targets and remove interferences 
has received less attention [1]. Moreover, current OSD devices for in-situ testing are lacking 
or require multiple step protocols and technical expertise [2].  
 
Smart materials, such as molecularly imprinted polymers (MIPs), are designed to selectively 
bind certain molecules with varying degrees of affinity, and are increasing in popularity to 
fabricate sensors [3, 4], separation methods [5, 6], protein crystallisation [7, 8] and in 
catalysis [9]. MIPs are generally described as plastic antibodies or synthetic receptors. In the 
presence of a molecule or target, a network polymer can be formed around it like a cast or 
mould. The mechanism is similar to that involved in antibodies or enzymes, where detection 
is based on the shape and the electrochemical bonds between the molecule and the MIP; 
resembling the lock and key concept [5]. As such, MIPs have been regarded as ‘antibody 
mimics’; and have shown clear advantages over real antibodies for sensor technology since 
they are highly cross-linked, intrinsically stable, robust, and are able to operate in extreme 
environments [9].  
 
Accordingly, chemical sensors and biosensors are increasing in use within the field of 
modern analytical chemistry. Applications include clinical diagnostics, environmental 
analysis, food analysis and production monitoring, as well as the detection of illicit drugs, 
genotoxicity and chemical warfare agents [9-11]. Therefore, the incorporation of MIP-based 
bio-mimetic receptor systems capable of binding target molecules with affinities and 
specificities, which are on a par with natural receptors, are desirable.  
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The drive behind this research is to develop a range of acoustic, electrical and optical 
sensors utilising hydrogel-based molecular imprinted polymers (HydroMIPs) for protein and 
pathogen (mainly bacteriophages and plant viruses) detection. HydroMIPs hold the 
potential to be incorporated into handheld devices, for example microfluidics. Such sensors 
will provide OSD and POC devices for researchers and environmental inspectors to 
screen/monitor for environmental hazards or diseases in-field or on-site (for example, plant 
viruses). In the following chapter, the MIP process, biosensor application and progress 
towards commercial alternatives and readily available diagnostic tools for biosensor 
development will be reviewed. Moreover the work herein investigates the use of MIP-based 
bio-mimetic receptor systems detailing the development, optimisation and characterisation 
of biologically-specific MIPs within a variety of organic gels for several proteins, pathogens 
and disease markers.  
 
1.1 Principles of Molecular Imprinting 
Molecular imprinting is an effective method of imprinting highly specific and selective 
recognition sites in synthetic polymers. Low molecular weight (MW) molecules have been 
extensively exploited as imprinting templates, leading to significant achievements in solid-
phase extraction, sensing and enzyme-like catalysis [5, 9, 12]. The imprinting process occurs 
when MIP particles are generated by either self-assembly in-situ imprinting or post-
polymerisation imprinting approaches (Figure 1.1). This is achieved by allowing functional 
and matrix monomers to pre-associate and polymerise with a template in a solution mixture. 
The degree of association between the monomer and the target is predominantly based on 
simple electrostatic interactions such as hydrogen-bonding; this is known as non-covalent 
imprinting [13, 14]. The association between the template and monomer is fixed in place by 
polymerisation in the presence of a controlled amount of a cross-linker monomer, which 
can impart the robustness required for the polymer [10]. Removing the template from the 
bulk polymer leaves behind an idealised cavity capable of recognising and rebinding the 
same template. Alternatively, in the covalent approach the degree of association between 
the functional monomer and the target is mostly based on covalent interactions before 
polymerisation. Target molecules can be extracted from the bulk polymer by cleaving the 
covalent linkage, and then that same target can be rebound by covalently re-attaching the 
molecule or by virtue of intermolecular semi-covalent hydrogen-bonding interactions.  
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Figure 1.1 - Schematic representation of the imprinting process illustrating the reversible interactions 
between template and polymerisable functional monomers used in creating affinity. Depending on the 
synthetic strategy this may involve one or more of the following interactions: (a) reversible covalent bonds, 
(b) covalently attached polymerisable binding groups that are activated for non-covalent interaction by 
template cleavage (sacrificial spacer or semi-covalent strategy), (c) electrostatic interactions, (d) 
hydrophobic or van der Waals interactions, (e) co-ordination with a metal centre. Each, (a – e) respectively, 
are formed with complementary functional groups or structural elements of the template. Subsequent 
polymerisation in the presence of a cross-linker produces a porous matrix in which template sites are 
located. Template(s) can then be removed through disruption of polymer-template interactions (a – e), and 
extracted from the matrix. Template(s), or analogues thereof, may then be selectively rebound by the 
polymer in the sites/cavities vacated by template, or the imprints. Reproduced with permission from [15]. 
 
Historically, molecular imprinting has been used for the detection of small molecules, 
generally of low MW and non-biological origin. These have included drug molecules, such as 
atenolol, caffeine and nicotine, and herbicide or pesticide molecules, e.g. atrazine [15-20]. 
These molecules have been extensively researched as imprinting templates, leading to 
significant achievements in chiral stationary phases (CSPs) in high performance liquid 
chromatography (HPLC), solid-phase extraction (SPE), sensors, membranes, and enzyme-like 
catalysis [5, 9, 12, 21-23]. Numerous traditional MIPs are now commercially available for 
binding toxins (e.g. Bisphenol A), pesticides (e.g. catechol) and antibiotics (e.g. penicillin G) 
[1]. Moreover, companies such as Biotage®, PolyIntell®, Raptor Detection Inc., and 
Semorex® offer to develop custom-made MIPs [1]. One of the leading authorities and 
commercial pioneers of MIPs for process scale separations, analytical chromatography, and 
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sample preparation is Biotage® (formally known as MIP Technologies AB®). For the last 
decade Biotage® have offered tailor-made SupelMIP® SPE cartridges for individual analytes 
and analyte classes [24, 25].  SupelMIPs® consist of highly cross-linked polymers that can be 
used within a large pH range (1 - 14). They exhibit minimal swelling and shrinking, and offer 
selectivity for the extraction of individual trace analytes in complex matrixes. Over the years, 
SupelMIP® design and selectivity have provided faster and simpler sample preparation 
methods, better mass spectrometry compatibility by reducing ion suppression, and has 
allowed for lower limits of detection (LOD) and improved sensitivity [24, 25].   
 
1.2 Biomacromolecule Imprinting within Hydrogels   
Although the imprinting of small molecules has its importance in the analytical world 
resulting in many advances over the years, there have been efforts to investigate larger and 
more complex biomacromolecule structures, such as proteins [26-29]. Moreover, MIPs have 
been regarded as ‘antibody mimics’ and have shown clear advantages (Table 1.1) over 
biological antibodies for sensor technology [1, 2, 26, 28]. Although antibodies exhibit a high 
degree of selectivity, any biological recognition element is inherently unstable with limited 
shelf-life even when stored under optimum conditions [1]. 
 
Table 1.1 - A comparison of the seven main characteristics between biological antibodies and their synthetic 
MIP counterparts; n/a: not applicable, RT: room temperature [1, 2, 30].  
Characteristic Antibody MIPs 
Selection In-vivo In-vitro 
Size (kDa) ≈ 150 - 160 n/a 
Production 
Animal or recombinant 
(ethical considerations) 
Synthetic: large scale at low cost 
Stability Several weeks at 4 °C Years at RT 
Binding site 
Monoclonal: homogeneous Polyclonal: 
heterogeneous 
Hetero/homogeneous 
Target molecules Immunogenic macromolecules No limit on template imprint size 
Application conditions Physiological Strategy/template dependent 
Routine usage Millions of worldwide clinical trails SPE cartridges (small molecules) 
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However, MIPs are highly cross-linked, intrinsically stable, robust, and are able to facilitate 
their application in extreme environments [9]. Accordingly, chemical sensors and biosensors 
are ever increasing in use within the field of modern analytical chemistry. Opportunities 
include clinical diagnostics, such as POC tests, environmental analysis, food analysis and 
production monitoring, as well as the detection of illicit drugs, genotoxicity, and chemical 
warfare agents [9-11, 22, 26, 27, 31]. The incorporation of MIP-based bio-mimetic receptor 
systems capable of binding target molecules with affinities and specificities, which are on a 
par with natural receptors, are as ever sought out [26, 28].   
 
The constant demand for new and innovative biological recognition methods that rely on 
alternatives to antibodies, enzymes, and various biological reagents has led to the 
development of receptor-like synthetic smart materials such as hydrogel-based MIPs. The 
imprinting of large biomacromolecules, such as pathogens or proteins, does however 
present a variety of challenges. Proteins, for example, are relatively labile, and have 
changeable conformations which are sensitive to various factors, e.g. solvent environments, 
pH and temperature [2, 32, 33]. At present, biological reagents of animal origin, such as 
antibodies and enzymes, are mainly employed for protein recognition purposes [2].  To date 
antibodies are the most successful affinity tools used in modern analysis such as diagnostics, 
purification and therapeutics [2]. Alternative affinity tools have been based on nucleic acids 
(aptamers), and polypeptides (engineered binding proteins) [1]. However, such biological 
reagents can sometimes be difficult to reproduce or are expensive, have low shelf lives and 
ethical issues surrounding their origin [1, 2]. Therefore, receptor-like synthetic smart 
material MIPs, have been intensively studied as substitutes for natural receptors and have 
been shown to offer many attractive features [3, 4, 7, 8, 34].   
 
Imprinting methods for preparing MIPs in aqueous media are being extensively researched 
in order to provide a viable alternative solution that would sustain protein stability [35, 36]. 
Recently, the design of aqueous phase and environmentally sensitive ‘smart hydrogels’ have 
been employed [36]. However, traditional methods for preparing MIPs in aqueous media 
are also associated with problems, such as a low binding efficiency, and the possibility of 
protein denaturation [32]. Hydrogels are insoluble cross-linked macromolecular networks of 
polymer chains swollen in water and other biological fluids [36]. They are hydrophilic and 
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have a highly absorbent nature enabling them to contain over 99% water. Hydrogels are 
usually made by co-polymerisation of two or more monomers with the disadvantage of 
having relatively low mechanical strength. This can be overcome by either cross-linking or by 
crystallisation. The degree and nature of cross-linking and the crystallinity of the polymer 
are responsible for its properties in the swollen state. The degree to which it imbibes water 
without the loss of shape is important in many natural hydrogels. Hydrogels have become 
excellent carriers for the release of drugs and active macromolecules in their equilibrium 
swollen state as dynamic swollen systems [36]. The bio-compatibility of these gels is 
attributed to their ability to mimic natural tissue due to their high water content and their 
special surface properties. 
 
1.2.1 Protein Imprinting 
Proteins or polypeptides are organic compounds built from a linear chain series of up to 20 
different L-α-amino acids. These are joined together by the peptide bonds between the 
carboxyl and amino groups of adjacent amino acid residues. Proteins are essential parts of 
organisms and participate in virtually every process within cells [2]. The extent, to which 
proteins are commonly researched in MIP applications and proteomics in general, is in 
response to their important roles within the medical diagnostic area. Proteins involved in 
cell growth and cell signalling are widely researched as potential targets for cardiac disease, 
and muscle injury markers for novel therapies [37]. For example, when screening for food 
allergens, it is often specific proteins that trigger allergic responses. There are numerous 
different allergen proteins present in individual foods, all of which need to be specifically 
detected during analysis, e.g. egg and sesame allergies are attributed to lysozyme and 
globulins respectively [38]. However, current measurements are not in place to enforce such 
legislation relating to the content of food allergens due to a lack of measurement methods 
for specific food allergens and certified reference materials in order to enforce legislation 
[38].  
 
Over the years protein imprinting has generally involved one of the three following 
approaches [39]. The first is bulk imprinting, where protein templates are wholly imprinted 
in the bulk of polymer matrices and recognised as a whole by functional monomers. The 
second approach is surface imprinting, where protein templates are partially imprinted or 
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stamped on bulk polymer surfaces with recognition and binding sites at specific orientations. 
The last approach is epitope imprinting; this is where a part or fragment of the protein 
template is imprinted allowing for the recognition of whole proteins. As previously 
mentioned, the imprinting of large biomacromolecules is not without its challenges. Due to 
the large size of proteins (≈ 6000 Da to several million Da) it is essential to control the size 
and number of pores that are generated during MIP synthesis, together with the density of 
MIP network [39].  
 
Hydrogels, such as polyacrylamide (PAM), and/or other acrylamide-based derivatives, along 
with advanced polymeric materials such as sol-gel composites, have been extensively 
studied and are particularly suitable for controlling the latter factors for effective MIP design 
and synthesis. As such, they are capable of nano-selectively recognising biomolecules in 
medicine, food, and the environment [2]. PAM hydrogels are known to possess the 
necessary parameters to successfully produce an analyte-specific MIP, i.e. being very inert, 
offering hydrogen bonding capabilities, and being biocompatible [34, 40-42]. As such, PAM 
hydrogels are promoted as excellent candidates for HydroMIPs; this is a term that has been 
coined in order to describe a hydrogel-based MIP. PAM is a nitrogen containing member of 
the acrylate family of polymers, and has been identified as a suitable imprinting matrix for 
biological molecules as it is water soluble, cheap, easily produced, and can be engineered to 
possess attractive structural parameters. These hydrogels are formed in aqueous solution by 
copolymerisation of acrylamide (AAm) and small amounts of a bi-functional cross-linker, 
which can impart the robustness required for the polymer. The cross-linker is usually N′,N′-
methylenebisacrylamide (MBAm) a dimer of AAm [34]. This is a vinyl addition 
polymerisation initiated by a free radical polymerisation (FRP) system. FRP has three distinct 
stages: initiation, propagation and termination (Equation 1.1 to 1.3, respectively). The 
polymerisation of AAm to form PAM is initiated by the addition of ammonium persulphate 
(APS) (which upon dissolving in water forms free radicals) in the presence of N,N,N’,N’-
tetramethylethyldiamine (TEMED). TEMED, through its ability to accelerate the rate of 
formation of free radicals, acts as a catalyst for the polymerisation. The copolymerisation of 
AAm with MBAm produces a mesh-like network in three dimensions (Figure 1.2). This 
consists of elongating AAm chains with random interconnections formed from the MBAm 
cross-linker resulting in a gel with a characteristic porosity. This will depend on the 
polymerisation conditions and monomer concentrations. 
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Equation 1.1, 1.2, 1.3 - The three stages of free radical polymerisation (FRP); Initiation, propagation and 
termination; I is the initiator, I* is the active radical, M is the functional monomer and IM* is the initial 
monomer radical [30, 43]. 
 
The association between protein and AAm/MBAm monomers is fixed in place when the 
polymerisation of AAm to PAM occurs. Once this polymerisation has occurred and the 
protein has been imprinted, it is then extracted or eluted from the bulk polymer leaving 
behind a cavity capable of recognising and reabsorbing or rebinding the same protein. The 
specifics behind bonding interactions in the molecular imprinting process are dependent on 
the degree of pre-association, simple molecular interactions such as hydrogen-bonding and 
other non-covalent bonding, between the template protein molecules and PAM [32].  
 
 
Figure 1.2 - The polymerisation of acrylamide (AAm) and N′,N′-methylenebisacrylamide (MBAm) cross-linker 
to form polyacrylamide (PAM) matrices by free radical polymerisation (FRP); ammonium persulphate (APS) 
as radical initiator and N,N,N’,N’-tetramethylethyldiamine (TEMED) as catalyst. Constructed in ChemDraw 
14 Std [30, 43]. 
Initiation 
I-I  2 I* 
(1.1) 
I* + m  I-M* 
Propagation I-M* + nM  I-M*n+1 (1.2) 
Termination 2 I-M* n+1  I-Mm-I (1.3) 
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Several studies have been conducted and pioneered in the field of aqueous phase molecular 
imprinting, using PAM HydroMIPs for the selective imprinting of proteins [3, 4, 32-34]. A 
range of proteins have been assessed for template removal, reloading, and selectivity [4, 7, 
33, 34]. As such, they are capable of nano-selectively recognising bio-molecules in medicine, 
food, and the environment [2]. Hawkins et al. explored in detail a variety of template bovine 
haemoglobin (BHb) removal strategies including varying % ratios (5:5, 10:10 and 15:15) of a 
sodium dodecyl sulphate surfactant (SDS): acetic acid (AcOH) at room temperature (RT) and 
a pH of 2.8 [34]. Hb is one of the most commonly imprinted proteins, and is an iron 
containing oxygen transport globular protein with a MW of 64.5 kDa [4, 7, 33, 34]. It is 
typically a composite tetramer structure made-up of four subunit protein chains. Structural 
changes in any of these four molecular subunits that Hb is comprised of can result in the 
manifestation of hereditary diseases, such as sickle-cell anaemia, thalassaemia and 
haemoglobinopathies [2].  
 
Hawkins et al. concluded that an optimum 10% (w/v) ratio of SDS:AcOH was reported to be 
most effective for protein removal, resulting in a 90% imprinting efficiency of re-loaded 
protein selectively bound within the MIP. This was attributed to the combination of low pH 
and surfactant content. Proteins generally have an assortment of negative and positive 
charges due to charged R-groups, while also retaining hydrophobic domains due to nonpolar 
R-groups [32]. The surfactant-acid combination disrupts non-covalent ionic bonds, and 
exposes hydrophobic areas as well as protonation of the template protein resulting in a 
positive net charge. At concentrations above 8 mM, SDS starts to form negatively charged 
micelles; this occurs when the concentration of surfactant is greater than the critical micelle 
concentration (CMC). At the CMC, SDS micelles are attracted to the positive protein and 
bind to the main peptide chains at a ratio of 1:2 (SDS: amino acid residue). As a result an 
overall negative charge is imparted upon the protein; this is directly proportional to the 
mass of the protein (1.4 g SDS g-1 protein). This results in the uncoiling or unfolding of 
peptide chains and induces conformational changes (i.e. reduces secondary, tertiary or 
quaternary structures to linearised primary amino acids). Thus, protein is ultimately 
denatured and solubilised while exiting the cavities within the MIP complex. Such surfactant 
strategies for template protein removal protocols are increasing in popularity for various 
applications due to their compatibility and non-disruptive nature to polymer networks [34].  
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The molecular imprinting of Hb using semi-interpenetrating polymer network (semi-IPN) 
hydrogels has also been investigated [44, 45]. The molecularly imprinting methods utilised a 
mild aqueous media (1% (v/v) acetic acid) of chitosan (2 - 4% (w/v)) and AAm in the 
presence of MBAm as the cross-linking agent. Xia et al. investigated the morphology of the 
semi-IPN and their selective capabilities using thermal analysis, X-ray diffraction, differential 
scanning calorimetry (DSC), and environmental scanning electron microscope (ESEM). 
Langmuir analysis showed adsorption equilibrium constants of 4.3 mg mL-1 and maximum 
adsorption capacities of 36.5 mg g-1 wet hydrogel) revealing high Hb template recognition. 
Zeng et al. further studied the direct electrochemistry and electrocatalysis of the Hb semi-
IPN hydrogels based on PAM and chitosan. UV–Vis spectroscopy was used to characterise 
the imprinting effect and showed that the semi-IPN provided a favourable 
microenvironment around Hb to retain the enzymatic bioactivity and native structure of Hb 
by assessing the protein retained in the supernatant. Hb–PAM–chitosan film exhibited a 
three-dimensional network porous structure. This would qualify Hb–PAM–chitosan film for 
good conductivity of electrons. Direct electron transfer of Hb was achieved by casting Hb–
PAM–chitosan films onto glassy carbon electrode surfaces. The immobilised Hb showed 
good bioelectrocatalytic activity; current values were linear with increasing H2O2 
concentration ranging between 5 - 420 μM. The unique semi-IPN hydrogel would have wide 
potential applications in direct electrochemistry, biosensors and biocatalysis. 
 
Another less commonly imprinted metalloprotein, possibly due to its larger size and 
difficulty of imprinting, is catalase (Cat) [32, 46, 47]. Cat is a common enzyme with a MW of 
250 kDa found in nearly all living organisms. The cellular role of Cat is the removal of H2O2 as 
it is a harmful by-product of many normal metabolic processes. In order to prevent damage 
it must be quickly converted into other less dangerous substances. Thus, Cat is frequently 
used by cells to rapidly catalyse hydrogen peroxide decomposition. A Cat deficiency may 
increase the likelihood of developing type II diabetes and peroxisomal disorder (acatalasia). 
Genetic polymorphisms in Cat and its altered expression and activity are associated with 
oxidative DNA damage and subsequently the individual’s risk of cancer susceptibility. To this 
end, studies into Cat crystallisation facilitated by MIPs have been recently researched [8]. 
Saridakis et al. described a new initiative of MIP design for producing protein crystals 
essential for determining high-resolution 3D structures of several key proteins, including Cat 
[7, 8]. It was hypothesised that MIPs designed to specifically attract a template protein 
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could represent ideal nucleants for the formation of large single crystals of otherwise hard 
to crystallise proteins. The researchers evaluated the ability of PAM HydroMIPs imprinted 
with seven proteins to induce nucleation of their own cognate proteins, as well as other 
proteins. With the exception of the Cat-MIP, the resulting polymers were able to induce the 
formation of crystals of nine tested proteins, including in some cases non-cognate proteins 
with similar MW. These MIP cavity applications using surfactant protocols in protein 
crystallisation have demonstrated attractive features in terms of crystal formation time, 
yield and metastability without the use of known nucleants.  
 
Other imprinting methods that have proven effective in imprinting small proteins such as 
trypsin (Tryp) and lysozyme (Lyz) have incorporated photo-grafting surface-modified 
polystyrene beads as matrices [48]. Lyz is an important index in the diagnosis of various 
diseases. As such, Lyz has become one of the most commonly imprinted proteins due to its 
relatively small size and imprinting ease [32]. Lyz is a glycoside hydrolase enzyme that has 
129 amino acid residues (MW ≈ 14.7 kDa) and catalyses the hydrolysis of 1,4-beta-linkages 
between N-acetylmuramic acid and N-acetyl-D-glucosamine residues in peptidoglycan and 
between N-acetyl-D-glucosamine residues in chitodextrins [49]. This catalytic activity is non-
specifically targeted to the bacterial cell membranes and related to general non-specific 
organism defence. Large amounts of Lyz can be found and easily purified from egg-white. It 
is also very easy to crystallise, which is not the case for most of the other proteins [8]. This 
feature of Lyz is widely used for its purification. Lyz is part of the innate immune system; 
existing as a natural form of protection from pathogens like Salmonella, E.coli, and 
Pseudomonas species [49]. Qin et al. illustrated a simplistic fabrication method for Lyz-MIP 
beads in aqueous media using mesoporous chloromethylated polystyrene beads (MCP-
beads). Grafting of Lyz imprinted copolymers with AAm and MBAm, using dithiocarbamate 
iniferter (initiator transfer agent terminator) as supports, was achieved through surface 
initiated living-radical polymerisation. This technique allowed for the efficient control of the 
grafting process and suppressed solution propagation [48]. Fourier transform infrared 
spectroscopy (FTIR), elemental analysis, nitrogen sorption analysis and scanning electron 
microscopy (SEM) concluded that Lyz-MIP MCP-beads had more well-distributed surface 
pores, without any visible gel formation in solution, compared to traditional MIPs prepared 
by initiated radical polymerisation.  
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MIP sensors have also been widely fabricated for the detection of bovine serum albumin 
(BSA) [32, 47, 50]. BSA is a soluble monomeric globular protein with a MW of 66.8 kDa, 
similar to that of Hb. BSA is a carrier for steroids, fatty acids, thyroid hormones and 
stabilises extracellular fluid volumes. BSA is generally used because of its stability, its lack of 
effect in many biochemical reactions, and its low cost since large quantities of it can be 
readily purified. As a result BSA has many uses as a carrier protein, as a stabilising agent in 
enzymatic reactions, and in gel shift assays [50]. It is commonly used to determine the 
quantity of other proteins, by comparing an unknown quantity of protein to known amounts 
of BSA. This attribute serves as an excellent cross-selective template study for Hb. In light of 
this, several studies have investigated the optimum conditions of separation selectivity 
based on bovine haemoglobin (BHb) and BSA MIPs formed on surfaces of amino-silica, and 
PAM hydrogel MIPs [37, 50, 51]. Qingqing et al. investigated the interaction of functional 
AAm monomers and template BHb protein in synthesis conditions under different molar 
ratios, solution pH, and ionic strength of PAM hydrogel MIPs. MIP selectivity was also 
investigated using BHb and BSA independently and competitively. The investigated molar 
ratio range of AAm to BHb (100:1 to 1200:1, prior to polymerisation) was found to be 
optimum at 600:1 for monomer-protein interaction, indicating that a stable monomer-
protein complex would be formed at this molar ratio. Sorption experiments indicated that 
BHb-MIP had better selective sorption and recognition properties to BHb especially in the 
presence of BSA as a competing protein. This was attributed to the MIPs recognition of the 
synergistic effect of shape complementarity and multiple hydrogen bonding interactions in 
the MIP cavities rather than just the similarity of either proteins MW or size separation. 
Thus, concluding that their MIPs could serve as selective separating materials for target 
proteins from protein mixtures of similar MW [50].  
 
Moreover, the use of fluorescently labelled protein imprinted MIPs have also demonstrated 
potential in optical sensing [52]. Hawkins et al. prepared PAM hydrogel MIPs of fluorescein 
isothiocuyanate (FITC)-conjugated BSA and imaged fluorescent intensities using confocal 
and 2-photon confocal microscopy. Using these methods visual confirmation of the binding 
properties of the MIPs in comparison to a non-imprinted polymer control (NIP) was possible. 
Furthermore, the integrity of the MIP polymer network after elution of the FITC-labelled 
BSA was also confirmed by enhancing the residual fluorescence signal. The use of 2-photon 
microscopy also confirmed the effectiveness of the 10% SDS:10% AcOH (w/v) in eluting the 
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template protein from the MIP. In controlled experiments, protein denaturation and 
unfolding caused un-quenching of the auto fluorescence in the molecules protoporphyrin IX 
complex giving rise to the ability of imaging the protein molecules during MIP elution.  
 
Due to the wide use, success and suitability of PAM as an imprinting matrix for a range of 
biological and non-biological molecules, other acrylamide-based derivatives are being 
explored and considered for further optimisation [7, 8, 30]. One often used derivative, 
poly(N-hydroxymethylacrylamide) (PNHMA), has demonstrated good potential for high-
throughput DNA analysis by micro channel electrophoresis [40]. When PNHMA is used both 
as a separation matrix and as a dynamic coating in bare silica capillaries, the matrix can 
resolve over 620 bases of contiguous DNA sequence within 3 hrs [40]. Another popular and 
potential hydrogel is poly(N-iso-propylacrylamide) (PNiPAm). This is a thermo-sensitive 
water swell-able hydrogel [40]. At 33 °C these hydrogels undergo a reversible lower critical 
solution temperature (LCST) phase transition from a swollen hydrated state to a shrunken 
dehydrated state, losing around 90% of its mass. Since PNiPAm gels expel their liquid 
contents at near body temperature, it has widely been investigated for possible applications 
in controlled drug delivery [2]. As with PAM the mechanism of polymerisation of each of 
these functionalised acrylamides is also a vinyl addition polymerisation initiated by FRP. As a 
result, PNHMA and PNiPAm are hydrogels formed in aqueous solution by copolymerisation 
with small amounts of a bi-functional cross-linker, again usually MBAm, which imparts the 
robustness required for the polymer.  
 
One particular study compared the functionality and selectivity of hydrogel-based MIPs 
using PAM, PNHMA and PNiPAm for investigation in mass-based quartz crystal microbalance 
(QCM) detection [7]. Thin-films of the three different types of MIPs imprinted for BHb were 
deposited onto QCM crystals and analysed for their selectivity against an analogue BSA 
protein. Best selectivity was attributed to PNHMA MIP hydrogels, where only target BHb 
induced a change frequency. PAM MIPs, although selective for target BHb, also exhibited 
some degree of cross-selectivity for similarly sized BSA protein. Interestingly, the PNiPAm 
MIP exhibited a near zero frequency response to template BHb and cognate BSA, indicating 
that PNiPAm was equally as unselective for both proteins as NIP controls. The lack of 
response from PNiPAm to either BHb or BSA suggests that there is a resistance for either 
protein to bind to the polymer. The hydrophilic shell of the protein appears to be important 
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in contributing to this lack of binding with the hydrophobic polymer. The differences in 
selectivity are attributed to the hydrophobicity of the polymers. PNHMA is by far the most 
hydrophilic of the three, rendering PNiPAm the most hydrophobic due to its isopropyl group. 
It is suggestive that the hydrophobic interaction with the protein limits the MIPs efficacy in 
protein binding, and could explain the lack of specificity in binding between target BHb and 
analogue BSA displayed by PAM which lacks the hydroxyl group present in PNHMA. 
 
Alternative and readily used cross-linkers, other than MBAm, can vary the physical or 
chemical gel properties. These include piperazine diacrylate (PDA), N,N'-bisacrylylcystamine 
(BAC), and N,N'-diallyltartardiamide (DATD) [30]. BAC and DATD are both disruptable cross-
linkers which enable gels to be solubilised. Alternative cross-linkers may be more or less 
reactive in polymerisation than MBAm. For example, PDA can be substituted for MBAm on a 
weight basis without changing polymerisation protocols. Changing the cross-linker type or 
composition has offered several advantages in the realm of gel electrophoresis. These have 
included reduced background for silver staining, increased gel strength, and higher-
resolution gels. Therefore, alterations in cross-linkers will in turn alter the polymer matrix 
and therefore could have an impact on protein imprinting efficiency for MIP hydrogels. 
Elastomeric electrophoresis gels have been produced using a combination of dextran and 
PAM cross-linked with N,N'-(1,2-dihydroxyethylene)bisacrylamide (DHEBA) [53]. It was 
observed that the effective pore sizes were smaller, compared with conventional PAM gels 
cross-linked with DHEBA at the same total monomer (T) and cross-linker (C) concentrations. 
Sontimuang et al. also demonstrated the use of DHEBA as a cross-linker in MIPs using a 
copolymer of methacrylic acid and vinylpyrrolidone (MAA-NVP-DHEBA) for the imprinting of 
allergen protein hevein from latex gloves (Hev b1). The work focused on the development of 
a biosensor using photo polymerisation of the MIPs (λ = 254 nm) onto capacitive 
microelectrode surfaces. Detection was reported to occur within minutes (min) with LODs 
for Hev b1 = 10 ng mL-1. Different hevein allergenic proteins isolated from natural rubber 
latex from the rubber tree (Hev b1, Hev b2, and Hev b3) were distinguished by the MIPs, 
depending on the dimension and conformation of these proteins with a selectivity factor of 
4. Non-Hev b proteins, such as Lyz, ovalbumin, and BSA, were also tested but only exhibited 
an imprinting factor of 2:1 (MIP:NIP control). Moreover, the MIP-based sensor exhibited 
good operational stability of up to 180 days when used continuously at RT [54]. 
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1.2.2 Biomarker Imprinting 
The continued discovery of cancer biomarkers necessitates improved methods of detection. 
Cancer/tumour markers, or simply ‘biomarkers’, are generally proteins or transcription 
factors that have previously been identified as being switched on in cancer, leading to 
unchecked growth of cells [37, 55-57]. Biomarkers indicative of any tumour/cancer may be 
defined on the basis of gene products uniquely expressed or overexpressed in tissue, serum 
or urine [57]. In cancer therapy, antibodies can be raised against specific proteins present on 
the surface of tumours. Several markers and antibody counterparts have been recognised 
and established such as the Her2/neu breast cancer gene and Herceptin antibody. However, 
biomarkers, and/or their counterpart antibodies which are currently a standard detection 
test, have a number of key limitations. Although antibodies exhibit a high degree of 
selectivity, many biological recognition elements are inherently unstable with limited shelf-
life even when stored under optimum conditions. This has justified the evaluation of new 
biomarkers/antibodies [55]. 
 
One example is prostate specific antigen (PSA, ≈ 28 kDa), which has commonly been used as 
a biomarker for initial diagnosis, monitoring of response to the treatment and prediction of 
prostate cancer (PC) risk and of treatment outcome [56, 57]. PC is the second most common 
cause of cancer related death in men. However PSA is a prostate specific and not a prostate 
cancer-specific marker; therefore it lacks both sensitivity and specificity to accurately detect 
the presence of PC, requires adjustment for age and prostate volume, is frequently raised in 
non-cancer conditions such as benign hypertrophy and prostatitis and so far has been 
controversial as a screening tool [56]. Alternatively, homeobox protein engrailed-2 (EN2), a 
homeodomain-containing transcription factor, has been found to be expressed in ovarian 
cancer, melanoma and PC cell lines, and secreted into the urine by PC and not by normal 
prostate tissue or stroma [37, 56, 57]. If the use of EN2 is proven effective, then a less 
invasive, less technical and cheap urine test (much like a pregnancy test-kit) that could 
incorporate a MIP-based antibody could be deemed more suitable for early diagnosis.  
 
Highly selective MIPs for the cancer marker sarcosine have been prepared and used as SPE 
sorbent materials [58]. Hashemi-Moghaddam et al. prepared a very simple MIP procedure 
using methacrylic acid as functional monomer and a mixture acetonitrile/water (4/1, v/v) as 
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porogen. This method overcame the problems usually related to the imprinting of biological 
polar compounds. Moreover, potentiometric sensors based on surface molecular imprints 
have also been investigated using self-assembled monolayers to design sensing elements for 
the detection of cancer biomarkers [59]. Wang et al. have developed gold-coated silicon 
chips using thiol molecules (hydroxyl-terminated alkanethiol) chemically bound to the metal 
substrate and self-assembled into highly ordered monolayers. Using this method 
biomolecules of purified carcinoembryonic antigen (CEA) and human amylase (HAm) were 
co-adsorbed and then removed, creating foot-print cavities in the monolayer matrix. 
Potentiometrically measured changes upon re-adsorption in the chip had a sensitive 
detection range of 2.5 - 250 ng mL-1 for both CEA and HAm. The developed assay was 
validated against a standard immunoassay, and was tested for its specificity by cross-
reacting with Hb, ultimately having no response to either Hb, or a NIP control sensor. This 
approach demonstrated the potential of generating a new general inexpensive, highly 
sensitive, specific, and simple assay methodology for the detection of protein cancer 
biomarkers and to protein-based macromolecular structures [59].   
 
1.2.3 Virus Imprinting  
Although best management practices can minimise the introduction of disease-causing 
agents it is not possible to exclude all due to the open nature of farming. Therefore, 
emergency preparedness is critical to prevent the spread of the disease-causing agent and 
implement corrective actions. In a typical scenario, an outbreak is initially identified by 
symptoms exhibited by animals and/or plants through chance observation or via inspection. 
Samples are collected and sent to a central laboratory for confirmatory testing. In the time 
elapsed from sample collection to results being available, which can be a week in some 
cases, the infection or toxic material could spread over a wide area. A classic example of the 
impact of a delayed response was illustrated in the foot-and-mouth outbreak in the UK that 
occurred in the 90’s. Here, there was a 48 hr delay for performing confirmatory testing in 
which time the infection could not be contained and spread throughout the animal herds 
within the UK leading to £ billion losses. Consequently, there are incentives for diagnostic 
tests that can be applied on-site that will enable rapid detection of toxic agents or infectious 
materials. Once identified, emergency preparedness plans could be rapidly implemented 
thereby containing the agent at source. It is generally acknowledged that outbreaks of 
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infectious diseases in agriculture and release of toxic chemicals into water courses can have 
high, long-lasting, economic impacts. To specifically estimate the impact of rapid diagnostic 
devices is difficult given that screening forms part of an overall prevention strategy. Yet, 
there is a clear demand for on-site diagnostic devices given that the sector is worth over £5 
billion a year and is growing. Currently, diagnostic devices for on-site testing are unavailable 
or lack the required sensitivity and are expensive. The development of MIP sensors could 
provide tools for farmers, inspectors and researchers to rapidly confirm a toxic or infectious 
agent. The low cost of the sensors (≤ £5 per test) along with ease of use, high sensitivity (ng 
virus) and rapid analysis time (≤ min) could make the sensors commercially viable for 
routine use [60-62].  
 
The early detection of biological or chemical toxic agents, i.e. viruses, within the 
environment, animal production facility or water sources is critical in emergency response 
management. Whether the toxic agent is naturally disseminated or deliberately released, 
early detection is key to enabling rapid containment and recovery strategies. This has led to 
the demand for on-site testing devices that can be used by non-technical personnel in the 
field when investigation of viral outbreaks or toxic release is required [62, 63]. Although 
antibodies exhibit a high degree of selectivity, any biological recognition element is 
inherently unstable with limited shelf-life even when stored under optimum conditions [64]. 
Recently, the imprinting of microbes such as human rhinovirus and various plant viruses 
such as tobacco mosaic virus (TMV), pepper mild mottle virus (PMMoV) and tomato spotted 
wilt virus (TSWV) and have been reported [60, 65, 66]. These plant viruses are widely spread 
and infectious diseases affecting a wide range of plantations such as vegetables, flowers and 
herbs [60]. One of the main reasons, for example, of using TMV as a template is that it is 
very robust and can be subjected to harsh environmental conditions (90 °C and pH values 
between 3.5 and 9) without losing its conformation and activity [60]. TMV or Tobamovirus is 
a group IV positive-sense single strand RNA ((+)ssRNA) plant virus of the Virgaviridae family 
[67]. It has a tubular shape with an external diameter of 18 nm, internal diameter of 4 nm, 
and a length of 300 nm. Its structure consists of a central helical RNA strand 6400 bases long, 
coated with a 2130 protein shell (capsomer) per capsid unit (Figure 1.3).  
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Figure 1.3 - Tobacco mosaic virus (TMV) structure; 1. Central helical nucleic acid ((+)ssRNA) strand 6400 
bases long,  2. Coat 2130 protein capsomer shell (16.3 proteins per helix turn), 3.  Tubular of rod-like shaped 
capsid [68]. 
 
PMMoV is also known as a Tobamovirus of the same family as TMV, also retaining a similar 
structure to TMV being helical and rod-shaped (≈ 312 nm long and 18 nm in diameter), with 
an isoelectric point (pI) of ≈ 3.4 - 3.7 [67]. PMMoV is one of the key viral pathogens in bell 
peppers and responsible for significant crop losses in North America and Europe [69]. 
Symptoms caused by such pathogens may vary based on the specific host cultivar; however, 
general symptoms usually include various degrees of plant mottling, chlorosis, curling, 
dwarfing, and distortion of the vegetable, leaves, and even whole plants (Figure 1.4).  
 
 
 
Figure 1.4 - Pepper Mild Mottle Virus (PMMoV) infected Pepper (A); Tomato Spotted Wilt Virus (TSWV) 
infected tomatoes (B). Specific vegetation symptoms include a reduction in size, mottling, colour changes 
and an obvious distorted appearance [70]. 
B A 
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Controlling plant viruses such as PMMoV is therefore important for vegetation production 
worldwide. Recent research shows that PMMoV may also be transmitted to humans and 
cause fever and abdominal pains [71]. Metagenomic studies have shown that PMMoV is 
stable throughout the human digestive system, and consequently identified viable PMMoV 
amounts in the stool of human subjects (up to109 virions per gram of dry faecal weight) [71].  
In contrast, TSWV is known as the Tospovirus, and is a group V negative-sense single strand 
RNA ((-)ssRNA) plant virus of the Bunyaviridae family. TSWV has been found to be 
ubiquitous in the environment and can infect well over 1000 plant species causing 
significant economic damage to many agronomic and horticultural corps [69, 72, 73]. Viral 
infection results in spotting and wilting of the plant, although can vary depending on species, 
reduced vegetative output, and eventually death. So far, no antiviral cures have been 
developed for plants infected with a TSWV and infected plants should be removed from a 
field and destroyed in order to prevent the spread of the disease [69, 72, 73]. Another virus 
that is readily researched is the red clover necrotic mosaic virus (RCNMV); this is a small 
spherical ‘icosahedral’ RNA plant virus in the Dianthovirus genus, family Tombusviridae. 
RCNMV virions are non-enveloped and contain 180 copies of the 37 kDa capsid protein 
subunit to form an isometric particle of T = 3 symmetry, 36 nm in diameter [74]. RCNMV has 
not been reported in the literature in association with MIPs and serves as an excellent 
candidate for imprinting and testing the cross-selectivity other than the latter mentioned 
plant virus for MIP specificity validation. 
 
Over the years, virus imprinted MIPs have shown increased binding affinities and have 
demonstrated that virus imprinting can induce selective binding of target viruses based on 
the virions shape [60, 61, 67, 75]. This has been a significant attribute in virology given that 
virus particles cannot be observed with light microscopy, and are difficult if not impossible 
to cultivate in the laboratory [64]. Detection by polymerase chain reaction (PCR) or cell 
culture experiments can also be difficult or time-consuming. It can be envisaged that virus 
imprinted films hold strong potential for future sensing devices. Although imprinted 
polymers hold promise as alternatives to antibodies, the ability to transduce the binding of 
analyte into a measurable signal is problematic. It is possible to use detection platforms 
such as QCM or surface plasmon resonance (SPR) to measure mass changes during the 
binding of a target virus analyte to imprinted films [65]. While the QCM system lends itself 
to portability, the SPR approach is currently unsuitable for on-site diagnostic devices due to 
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instability of the optics. The SPR technique can also be unsuitable for thin film polymer 
characterisation due to an incompatibility in the refractive index operation range of the 
device. Successful monitoring of plant viruses directly in the plant sap based on biomimetic 
polymer MIPs in combination with highly sensitive QCM sensor techniques has been 
achieved [76]. Dual polarisation interferometry (DPI) has also been identified as a suitable 
and highly sensitive optical technique that is compatible with thin film polymers for in-lab 
optimisation of MIP binding properties prior to QCM application [4]. Further viral imprinting 
innovations are the integration of MIPs with microfluidic devices using electro-osmotic 
forces to minimise non-specific binding effects [61, 64, 77]. Electro-osmotic flow is induced 
by the application of an electric field that generates a zone of mobile ions referred to as the 
double layer (double layer capacitance) that induces flow of liquid. This technique has been 
used to minimise non-specific binding of DNA to the walls of microfluidic channels modified 
with DNA probes. Electro-osmotic flow also results in convection within the microfluidic 
channel that can rapidly present the target to the bio-recognition element leading to 
detection times in the order of seconds [61, 64, 77].  
 
1.3 Applications of Molecular Imprinting  
An exciting new potential field of MIP technology is in bio-recognition elements in chemical 
and physical signal generation of biosensors [10, 78]. Biosensors are analytical tools 
consisting of biologically active materials used in close conjunction with a device that will 
convert a biochemical signal into a quantifiable electrical signal. Biosensors have many 
advantages, such as simple and low-cost instrumentation, fast response times, minimum 
sample pre-treatment, and high sample throughput. Consequently, their utilisation is ever 
increasing within the field of modern analytical chemistry with opportunities growing in 
clinical diagnostics environmental and food analysis, genotoxicity, as well as the detection of 
illicit drugs, and chemical warfare agents [11]. The focus is on the complementary 
intersection between molecular recognition, nanotechnology and molecular imprinting to 
improve the analytical performance and robustness of devices.  
 
As previously mentioned, biosensors for large biomacromolecules, such as proteins, are 
currently expensive to develop as they require/rely on antibodies. However, MIPs are 
becoming ever more promising as viable synthetic receptors, and offer the potential 
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replacement of antibodies. Clear advantages over real antibodies have been recognised with 
MIP application for sensor technology since they are highly cross-linked, intrinsically stable, 
robust, and are able to facilitate their application in extreme environments [5, 79, 80]. MIPs 
have proven to produce selective extractions that rival immunoaffinity-based separations, 
but without the tediously lengthy time-consuming process. They also have the advantage 
over immunoassays in that imprints can be made of compounds which are difficult, if not 
impossible to raise with antibodies and can resist elevated temperatures and pressures [64]. 
Investigating the development of highly selective capture reagents such as synthetic 
antibodies ultimately could provide an inexpensive, fast, and efficient diagnostic method for 
highly sensitive analytical procedures within clinical diagnostics, environmental analysis, 
food analysis, production monitoring, and the pharmaceutical area [5, 10, 81]. Therefore 
potential MIP applications within the field of modern analytical chemistry are most likely in 
chemical and biosensors, as their opportunities are increasing in clinical diagnostics, 
environmental analysis, food analysis and production monitoring [5, 10, 81].  
 
1.3.1 Immuno-based Sensors 
Currently, OSD and POC tests are heavily dominated by immunosensors such as lateral flow 
immunoassay. Although antibodies exhibit a high degree of selectivity, any biological 
recognition element is inherently unstable with limited shelf-life even when stored under 
optimum conditions [64]. Despite this, lateral flow immunoassay tests have been a popular 
POC technique since the mid 1980′s; and have since been employed in numerous 
applications including clinical, veterinary, and environmental sectors [64]. One familiar 
example is the home pregnancy test kit (Figure 1.5). This test works by binding the hormone 
marker for pregnancy (human chorionic gonadotropin (hCG) ≈ 25.7 kDa), from either blood 
or urine, to an antibody and an indicator. These are 99% accurate in lab tests and can bind 
up to 10 - 25 mIU mL-1 of hCG [82-84]. Moreover, some cancerous tumours also produce 
hCG; and elevated levels (0 - 5 mIU mL-1) measured in the absence of pregnancy can be 
indicative of a cancer diagnosis [82-84]. In addition, antibodies are difficult and expensive to 
produce; hence they are typically linked to commonly occurring analytes (for example, 
Salmonella) for which there is a large demand. In contrast, for hazards that are less 
frequently encountered but can cause significant disruption such as plant viruses, the time 
and resources to produce antibodies is often lacking. For example, the swine flu outbreak of 
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2009 resulted in an increased demand for immunosensors to detect the virus. However, 
antibody production lacks the flexibility to produce large volumes required to develop 
sensors in the short-term. Immunoassays for swine flu have yet to be marketed but are 
currently under development. 
 
 
 
Figure 1.5 - The home pregnancy lateral flow immunoassay which detects human chorionic gonadotropin 
(hCG). If pregnant, stage 1 contains hCG, and goes through free dye-labelled mouse anti-hCG antibody-
conjugates that recognise and stick to hCG (stage 2); An anchored set of anti-hCG capture antibodies stick to 
and capture hCG molecules (and the attached dye-labelled antibodies), creating the test line at stage 3. If 
not pregnant hCG is not present and the dye-labelled antibodies wash past stage 3; At stage 4 a second 
anchored set of goat anti-mouse antibodies capture the dye-labelled antibodies, providing a positive control 
to indicate that the test is working properly [82-84]. 
 
As a consequence, the instability, cost and inflexibility of antibodies have led to interest in 
artificial receptors, commonly referred to as ‘plastic antibodies’. Although a range of 
strategies have been evaluated, those based on MIPs have received the most attention with 
commercial SPE based on the technology becoming commercially available. Molecular 
imprints have been demonstrated for many classes of molecules including drugs and 
pesticides, amino acids, peptides, sugars and hormones with the imprinting of small organic 
molecules now well established and considered routine [16, 85].  
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1.3.2 Transducer-based Sensors 
One important part of bio-sensing is transducers, which monitor the reaction between bio-
selector and analyte; an example of a simple biosensor set-up can be seen in Figure 1.6. 
Among various physical transducers (electrochemical, piezoelectric, etc.), mass sensitive 
devices such as surface acoustic wave (SAW), surface plasmon resonance (SPR) and quartz 
crystal microbalance (QCM) are becoming popular for sensing applications [86-89]. Acoustic, 
electrical, and optical sensors based on HydroMIPs for protein and virus detection, although 
the sensor format can be used to detect almost any target of interest, could be incorporated 
into a microfluidic (handheld) device with non-specific binding being minimised through 
electro-osmotic flow. These types of sensors could provide tools for researchers and 
provincial inspectors to sample for hazardous materials in the field (for example, plant virus) 
thereby strengthening the effectiveness of emergency response strategies. In addition, the 
sensors should be affordable to use by producers and processors to routinely screen for 
potential chemical or biological hazards within food production systems.   
 
 
Figure 1.6 - A typical arrangement for a biosensor consisting of a chemically selective MIP layer, one of the 
physical properties of which changes on interaction with the analyte, and a transducer which transforms this 
change into an electrically process able signal.  Reproduced with permission from [90]. 
 
Reddy et al. compared the functionality and selectivity of hydrogel-based MIPs using PAM, 
PNHMA and PNiPAm for investigation of trypsin (Tryp) and BHb crystallisation in comparison 
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to mass-based QCM detection [7]. QCM is primarily an ultra-sensitive mass sensing device, 
with the ability to measure mass changes as low as 1 μg cm-2  on a piezoelectric quartz 
crystal resonator in real-time (approximately 100 times more sensitive than a 0.1 mg 
electronic fine balance) [87, 88].  To detect binding of protein to the MIP, changes in the 
resonant frequency of the QCM from the added mass were calculated using the Sauerbrey 
equation. The principle is that if a rigid layer is evenly deposited on one or both of the 
electrodes, the resonant frequency will decrease proportionally to the mass of the adsorbed 
layer. The PAM, PNHMA and PNiPAm MIPs showed varying abilities to crystallise proteins 
when imprinted with Tryp or BHb and tested for their ability to crystallise various other non-
template proteins (macrophage migratory inhibition factor (MIF), Tryp, lysozyme (Lyz), 
thaumatin, and BHb). While BHb imprinted MIPs showed no cross-selectivity in 
crystallisation, some degree of MIP cross-selectivity was illustrated for Tryp MIPs and other 
similar sized proteins (≈ 15 kDa), such as Lyz. QCM measurements were also comparable to 
the resulting MIP selectivity trends. It was therefore suggested that protein crystallisation 
could be used to examine the cross-selectivity of a MIP dependent upon the size of the 
protein being imprinted and the functional groups of the imprinted polymer.  
 
Hirayama et al. also used AAm in combination of either methacrylic acid (MAA) and/or N,N-
dimethylaminopropylacrylamide (DMAPAA) to form hydrogel Lyz MIPs [91, 92]. Surface-
modified silica beads imprinted with Lyz were applied to a QCM sensor. The modified silica 
polymer thin-film layer was able to grasp Lyz selectively compared to the non-imprinted 
polymer. The amount of specifically bound Lyz was highest for Lyz-MIPs prepared with 0.5 
mol % MAA monomer and 6 mol % DMAPAA.  It was hypothesized that the specified binding 
of Lyz to MIP was based on electrostatic interactions between basic groups in Lyz and the 
COO− group of acrylic acid, and the acidic groups in the Lyz molecule interacting with the 
amino group of DMAPAA. For Lyz rebinding, the distance between the COO− group or that 
between the amino group of DMAPAA was an important factor for improving the binding 
capacities. The specificity of the MIPs was tested using hemoglobin, revealing that only Lyz 
specifically bound to the polymer MIP particles. The rebinding ability did not alter when 
tested for reliability by binding and releasing Lyz repeatedly.  
 
The development of biosensor strategies for the detection of proteins is imperative for 
applications in proteomics, medical diagnostics, and pathogen detection [93]. However, 
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protein-detecting arrays remain under-developed due to the lack of highly selective and 
specific binding agents that interact with protein surfaces through complementary 
interactions [93]. One possible solution however, is within differential receptor array 
systems that occur in nature [64, 93-95]. These differential systems use non-specific and/or 
weakly interacting agents to routinely conduct pattern-based recognition fingerprints for 
various bioanalytes [93]. Indeed, MIP technology in chemical and physical signal generation 
is well suited for drug loading, controlled slow release of therapeutic agents, spherical nano-
bead production [5, 46, 81, 96]. Therefore, MIPs could well provide an alternative solution 
to current automated high throughput screening assays techniques. There is even the 
possibility of developing MIP decaffeinating filters which are reusable and thus more 
economical. With specific reference to HydroMIPs, QCM sensing technologies have 
implications for the development of rapid protein diagnostics indicative of for example, 
cancer and cardiac disease states. The development of QCM systems for use in fluids has 
rapidly opened a new world of applications, including bio-sensing and micro-rheology [88]. 
  
1.3.3 Metal-Coded MIP Sensors 
Molecular imprinting can generally be achieved through a number of synthetic strategies 
(e.g. covalent, non-covalent, semi-covalent and metal ion-mediated imprinting) depending 
on the types of interactions desired, as previously described in Figure 1.1. Of these 
approaches, metal ion-mediated imprinting is of great interest to introduce enhanced 
functionality into recognition sites of MIPs. This will depend on the metal, its oxidation state 
and ligand characteristics, the strength of interaction can vary enormously [12, 15]. The 
proposed metal-coded MIPs for template recognition are intended to lead to 
unprecedented improvement in MIP selectivity and for future biosensor development that 
rely on either colorimetric (through shifting of the metal ion oxidation state) or 
electrochemical redox processes [97-101].   
 
Metal ions are known to bind functional groups through the sharing of electrons from the 
atoms of templates to the unfilled orbitals of the outer coordination sphere of the metal [12, 
15, 97-99, 102]. For example, Sreenivasan illustrated the possibility of improving imprinting 
efficiencies of polyaromatic hydrocarbons (PAHs), namely naphthalene, by pre-associating a 
metal ion prior to polymerisation of poly(2-hydroxyethyl methacrylate) (PHEMA) hydrogels 
26 
 
[102]. It was proposed that due to the lack of functional groups (e.g. OH, COOH, NH2, etc.), 
inadequate and inefficient affinity sites would hinder MIP functionality for such PAH 
molecules. In turn, the addition of metal ions to PHEMA, such as silver (Ag+), could impart 
enhanced interactions between the functional monomers and the PAHs. As a result of 
incorporating Ag+ ions during the synthesis (in the form of silver nitrate), the equilibrium 
uptake of the template naphthalene molecule rose from 3.0±0.4 mg/100 mg (without using 
Ag+ ions) to 66±2 mg/100 mg, resulting in an impressive MIP to NIP imprinting factor of 
27.5:1. Therefore, it appeared that the binding capacity of molecules lacking essential 
anchoring functional groups can be increased by inclusion of metal ions [102]. Consequently, 
metal coordination has been employed in MIPs for small organic molecule recognition as an 
alternative means of association between template and functional monomer [15]. This 
approach was first reported by Fujii et al. for the imprinting of chiral amino acids [100]. In 
this approach, metal complexes generally consisted of polymerisable ligand(s) to complex 
the metal ion (typically a transition metal ion) which in turn coordinated to the template. As 
such, metalloporphyrins have been widely explored for small molecule imprints and 
researchers have assumed that three-dimensional binding sites occurred on the porphyrin 
plane via metal coordination ultimately leading to co-operative contribution to specific 
binding [97-101]. EL-Sharif et al. also reported the successful integration of metal complexes 
within PAM hydrogels for BSA imprinting, dubbed ‘metal-coded MIPs’ (see section 3.2.1.4). 
This metal ion-mediated imprinting approach introduced additional functionality into MIP 
recognition sites (by providing Lewis acid sites to bind Lewis bases, such as amines) with the 
intention of providing an essential redox centre for the development of electrochemical 
biosensors. In this work, both a Co(II) complex and vinylferrocene (VFc) were separately 
introduced into PAM MIPs as co-monomers for metal-coding non-metallo protein imprints. 
The results illustrated a 66% enhancement for BSA protein binding capacities (Q, mg g-1) via 
metal-ion/ligand exchange properties within the metal-coded MIPs. Specifically, Co(II)-
complex-based MIPs exhibited 92±1% specific binding with Q values of 5.7±0.5 mg BSA/g 
polymer and imprinting factors (IF) of 15±2 (MIP/NIP control).  
 
Metal ion-mediated imprinting techniques have long been employed within the MIP 
techniques, and have recently been used for electrochemical sensors [9, 12, 103]. In 2010, 
Pellicer et al. reported the detection of fenitrothion (insecticide) at screen-printed carbon 
electrodes (SPCEs) using Ni(II)-phtalocyanine polymeric films with a LOD of 8×10−7 M, also 
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reporting good stability and reproducibility (RSD < 14%) [104]. More recently, in 2014 
Udomsap et al. reported the use of electrochemical-based MIPs ‘e-MIPs’ for the 
determination of a PAH, namely (benzo[a]pyrene), simply by measuring the redox tracer 
signal of VFc [105]. This particular PAH is known for its high toxicity and carcinogenic effects, 
and lacks any functional groups (e.g. OH, COOH, NH2, etc.). This application of ferrocene (Fc) 
in MIPs has also been reported for protein detection [106]. Thus, Fatoni et al. developed a 
rather novel cryogel for microalbumin detection by grafting chitosan-AAm, MBAm (as cross-
linker), Fc (redox mediator) and graphene (electron transfer enhancer) composites on gold 
electrode rods [106]. The cryo-polymerisation allowed for the formation of ice crystals 
leaving a macroporous cryogel structure after thawing. The detection of human serum 
albumin (HSA) was achieved via the entrapped Fc redox mediator in the cryogel and 
improved by the presence of graphene using differential pulse voltammetry (DPV). The 
biosensor showed high sensitivity (LOD = 5.0×10−5 mg L−1) and reusability, where the 
biosensor sensitivity remained functional above 90% after 9 cycles of binding-rewashing (18 
analyses per cycle), while the sensitivity only decreased to 90% after 6 weeks of storage at 
RT. The selectivity of the HSA biosensor was also tested against analogue BSA protein and 
common urine interferents (ascorbic acid, uric acid, urea, sodium, chloride, potassium and 
creatinine) and the performance of the biosensor was confirmed by analysing microalbumin 
in urine samples resulting in a good agreement with those obtained by the standard 
immunoturbidimetric method (significance, ρ > 0.05) [106]. 
 
1.3.4 Pattern Recognition-based Sensors 
The development of biosensor strategies for the detection of proteins is imperative for 
applications in proteomics, medical diagnostics, and pathogen detection [93]. A large 
number of proteins are vital markers; for example, in the case of haemoglobin, mutations in 
genes that encode for the protein’s subunits can result in hereditary diseases such as sickle 
cell anaemia, thalassaemia, and haemoglobinopathies [3]. However, protein-detecting 
arrays remain under-developed due to the lack of highly selective and specific binding 
agents that interact with protein surfaces through complementary interactions [93]. It is 
therefore imperative to develop new methodologies based on protein detection for 
applications in proteomics, medical diagnostics, and even pathogen detection [93]. One 
possible solution however, lies within differential receptor array systems occurring in nature 
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[64, 93-95]. Perhaps the most sensitive recognition system is the sense of smell. Odours are 
recognised by the combination of olfactory receptor responses and are reconstructed as 
pattern-based array systems by the brain. In this system, non-specific or weakly interacting 
agents are routinely conducting pattern-based recognition fingerprints for various 
bioanalytes [93]. Such differential receptor arrays have already been artificially constructed 
using synthetic receptors/transducers and have been labelled as electronic noses for smell 
recognition and electronic tongues for taste recognition. These synthetic receptors, 
transducers or sensors have low selectivity and consequently exhibit over-lapping signals for 
different species, providing a fingerprint of a sample that could be used for qualitative 
discrimination [107]. The operation of these electronic devices uses a concept of the human 
tongue and nose known as global selectivity [94], in which the biological system does not 
identify a particular substance but brings together all of the extracted information into 
patterns that the brain decodes.  
 
An electronic sensor that works in a similar way is a chemo-metric tool that decodes 
statistical information and classifies standards for recognition, such as principal component 
analysis (PCA) [95, 108]. PCA is used to explain the variance-covariance structure of a set of 
variables through linear combinations, and is often used as a dimensionality-reduction 
technique [108]. Other multivariate techniques that function in a similar manner include 
linear discriminant analysis (LDA). In contrast to PCA, LDA is a supervised method using 
known class labels and accounts for the most variance between classes. Takeuchi et al. 
applied a chemo-metric strategy, using PCA, to the molecular recognition of proteins by 
using plural imprinted acrylic acid (AA) and 2-dimethylaminoethyl methacrylate (DMA) 
polymers [109, 110]. Six different protein-imprinted polymers were synthesised using three 
template proteins, cytochrome C (Cyt), ribonuclease A (Rib) and α-lactalbumin (Lac), and 
acidic or basic functional monomers of AA and DMA, respectively. The resulting MIPs 
produced unique fingerprints when rebound with both corresponding template and non-
cognate (albumin and myoglobin) proteins. Three-dimensional PCA scores of the binding 
data (Figure 1.7) revealed that a clear protein distinction was possible, and that protein-
imprinted polymer arrays can be applied to protein profiling by pattern analysis of binding 
activity for each polymer [109-111].  
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Figure 1.7 – Principle component analysis (PCA) score plots showing the discrimination of four trials of five 
different proteins based upon bound amounts of acrylic acid (AA)-based (A); and 2-dimethylaminoethyl 
methacrylate-based (DMA)-based polymers (B). Alb: albumin, Cyt: cytochrome c, Lac: lactalbumin, Myo: 
myoglobin, Rib: ribonuclease A. Alb and Myo are non-templated proteins. Reproduced with permission from 
[109, 110]. 
 
PCA has also been used in conjunction with electrochemical methods such as cyclic 
voltammetry for the fabrication of chemical and beverage-based sensors [95, 108, 112-115]. 
Therefore, an attractive approach for the development of biochemical sensors is the 
integration of smart materials (e.g., MIPs) and pattern recognition techniques with 
electrochemical-based sensor techniques such as cyclic voltammetry (CV) and QCM. If such 
devices can be optimised for MIP parameters and demonstrate initial good sensitivity and 
selectivity, then perhaps they can offer a viable non-invasive method for the 
characterisation of highly hydrated soft materials such as gels. Bueno et al. also 
demonstrated the use of pattern recognition techniques to uniquely identify protein profiles 
by coupling electrochemical sensor strategies with hydrogel-based MIPs (see section 5.2.1). 
PCA techniques were also utilised to discriminate between electrochemically and non-
electrochemically active proteins by diffusion through MIP slurries immobilised at the 
surface of glassy carbon electrodes (GCE). In a bid to move away from bulk imprinting and 
the laborious need to form granular particles, Wu et al. successfully demonstrated the 
feasibility of fabricating a Hb MIP sensor based on the electropolymerisation of PAM thin-
films at GCE surfaces using an electrochemical probe ‘potassium ferricyanide’ for signal 
transduction [42]. This technique demonstrated a more appropriate integration of 
B A 
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electrochemical devices and MIPs, while also demonstrating good sensitivity and selectivity, 
features attractive for the development of biochemical sensor arrays [103]. 
 
1.4 Molecular Imprinting Challenges 
Although MIPs have successfully been applied to a large range of molecules and have great 
potential as antibody mimics, there are still however current drawbacks. Namely, the 
question of how selective and specific they really are, and how this can be improved still 
remains. One of the most dominant drawbacks in MIP technology is the unprecedented 
degree of influence that a variation in pH, ionic strength and local matrix concentration all 
have on the gel properties [33, 36]. In turn, this can affect the three dimensional shape and 
chemical characteristics of the template molecule during polymerisation. This is particularly 
true when imprinting large biomacromolecules such as proteins. As previously mentioned 
proteins are relatively labile, and have changeable conformations which are sensitive to 
solvent environments, pH and temperature, all of which present a variety of challenges [32, 
33, 80, 110]. It has been postulated that problems with macromolecules could be caused by 
the use of charged functional monomers causing non-specific electrostatic interactions [32].   
The second challenge, critical step, and decisive manoeuvre for optimal MIP performance is 
the template removal process [116].  
 
Several problematic scenarios can arise from attempting to remove/extract the imprinted 
template (Figure 1.8). If there are remaining template molecules in the MIPs, less cavities 
will be available for rebinding, which decreases efficiency. Furthermore, if template 
bleeding/leaching occurs during analytical applications, errors will arise. Despite the 
relevance to the MIPs performance, template removal has received scarce attention and is 
currently the least cost-effective step of the MIP development [116, 117]. Attempts to reach 
complete template removal may involve the use of too drastic conditions in conventional 
extraction techniques, resulting in the damage or the collapse of the imprinted cavities. 
Moreover, as with antibodies MIPs have also shown a degree of cross-selectivity, in that 
they can bind molecules similar to the native template and cause non-specific binding [32, 
33, 80, 110]. It is thought that this is due in part to an excess of functional monomer 
molecules being randomly distributed and frozen within the imprinted cavity during 
polymerisation that have an effect on the selectivity of rebound molecules. Initial template 
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interactions with functional monomers largely determine the recognition properties of the 
matrix. Thus more sophisticated monomers capable of forming better, stronger and more 
stable interactions that offer better positioning and complementary functionality are widely 
being sought after [32, 41, 81].  
 
 
 
Figure 1.8 - The four problems and/or challenges associated with template removal in MIPs. Clockwise from 
top left: incomplete removal, cavity collapse, distortion of binding points and rupture of the MIP cavity.  
These arise due to the changes induced during harsh or inadequate template removal of the original 
imprinted cavity, as opposed to the adequate removal previously illustrated in Figure 1.1. Modified with 
permission from [15]. 
 
1.5 Aims and Objectives   
The overall aim of this research is to demonstrate the proof-of-principle to detect template 
proteins, biomarkers and pathogens using cheap, synthetic antibody alternatives i.e. MIPs 
coupled to various readily available sensor platforms. Although the current study will focus 
on bacteriophages and plant viruses the approach can be extended into other relevant 
biological and chemical agents that pose a risk to medical health, the UK environment 
and/or farming industry. The major intermolecular forces responsible for the desirable 
nano-cavitation that are the ‘molecular imprint’ are based on non-covalent (electrostatic 
and hydrogen bonding) interactions. Therefore any rationale for choice of gel system needs 
to take into account the need for favourable interactions between the protein of interest 
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(based on ratio of amino groups to acid groups and iso-electric point (pI)) and the 
monomer/polymer system. With this in mind the proposed research will investigate a range 
of functional monomers that are capable of producing hydrogels. Among these will be: 
acrylamide (AAm), N-substituted AAm including N-isopropylacrylamide (NiPAm), and N-
hydroxymethylacrylamide (NHMA). The rational choice of these gel systems will take into 
account the need for favourable interactions between the template of interest (based on 
ratio of amino groups to acid groups and pI) and the monomer/polymer system. The specific 
objectives of the study are as follows:  
 
Task 1: Fabrication of a wide selection of protein and pathogen (i.e. bacteriophages and 
plant viruses) imprinted gels. Imprinted polymers with affinity towards the latter will be 
formed using acrylamide-based polymers in the presence of different cross-linking agent 
derivatives. Optimisation of the imprinting process will be through polymer concentration, 
polymerisation conditions (pH, temperature, elution strategies) and choice of template. 
Template removal will be achieved through an established in-house method of washing with 
a surfactant and acetic acid and extrusion of the gel through a micron mesh sieve, of varying 
sizes, resulting in a slurry of MIP particles. The affinity and binding strength of the formed 
imprints will be assessed through the detection of binding events through 
spectrophotometric UV/Vis measurements. Different protein/viruses template samples will 
be applied to assess polymer selectivity. Non-imprinted slurries will also be used as a control 
to assess non-specific binding.  
 
Task 2: Application of chemometrics tools, such as multivariate analysis using principle 
components (PCA) and/or linear discriminant analysis (LDA) to demonstrate the proof-of-
principle to extract and validate out-put data into simple pattern based recognition for rapid 
profiling. This tool is key for its application in tackling the MIPs drawbacks when exhibiting a 
lack of specificity towards target molecules.  
 
Task 3: Integration of MIPs onto acoustic (quartz crystal microbalance; QCM) and 
electrochemical (glassy carbon electrodes (GCEs) and screen-printed carbon electrodes 
(SPCEs) using cyclic voltammetry (CV) and differential pulse voltammetry (DPV)) sensor 
platforms. The QCM and electrochemical techniques will form the basis of the end sensor in 
the development of a hand-held instrument for in-field testing. Characterisation and 
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verification of sensor performance using contact angle (CA) analysis, atomic force 
microscopy (AFM) and scanning electron microscopy (SEM). Of interest will be verification 
of the integrity of the formed voids (template selective cavities). 
 
Task 4: Integration of metal complexes into MIP matrices to firstly enhance selectivity and 
specificity through an ion-mediated approach, and secondly to intro a redox sensing 
element into the MIP architecture for a direct electrical detection at sensor platforms. This 
will allow for increased sensitivity i.e. lower limits of detection (LOD), and rapid analysis.    
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2 Chapter Two 
Methodology 
 
2.1 Materials and Reagents  
Acrylamide (AAm), 48% N-hydroxymethylacrylamide (NHMA), N-iso-propylacrylamide 
(NiPAm), N,N’-methylenebisacrylamide (MBAm), ammonium persulphate (APS), N,N,N’,N’-
tetramethylethyldiamine (TEMED), sodium dodecyl-sulphate (SDS), glacial acetic acid 
(AcOH), isopropyl alcohol (IPA), polyvinyl chloride (PVC), N,N-dimethylformamide (DMF), 
tetrahydrofuran (THF), tris(hydroxymethyl)-amine (Tris-base), tris(hydroxymethyl)-amine 
hydrochloride (Tris-HCl), phosphate buffer saline (PBS) tablets (137 mM NaCl; 27 mM KCl; 10 
mM Na2HPO4; 1.76 mM KH2PO4), iron(III) chloroprotoporphyrin IX (Hemin), vinylferrocene 
(VFc), zinc(II) protoporphyrin IX (ZnPP), protoporphyrin IX (PP), tin(IV) protoporphyrin IX 
dichloride (SnPP), hydrochloric acid (HCl), heparin, sodium hydroxide (NaOH), magnesium 
chloride (MgCl2), potassium ferricyanide, potassium chloride (KCl), sodium nitrate (NaNO3), 
potassium peroxydisulfate (KPS), acetone, nitric acid, 30% v/v hydrogen peroxide (H2O2), 
sulphuric acid (H2SO4), negative synthetic urine control (Surine), methyl viologen, bovine 
haemoglobin (BHb), bovine serum albumin (BSA), human haemoglobin (HHb), human serum 
albumin (HSA), porcine haemoglobin (PHb), porcine serum albumin (PAS), bovine liver 
catalase (Cat), bovine pancreas trypsin (Tryp), hen egg white lysozyme (Lyz), cytochrome C 
(Cyt C), thaumatin from Thaumatococcus daniellii (Tha), equine heart myoglobin (Mb), 
bovine calf serum, and prostate specific antigen (PSA) were all purchased from Sigma-
Aldrich, Poole, Dorset, UK.  
 
 The (E)-2-((2 hydrazide-(4-vinylbenzyl)hydrazono)methyl)phenol ligand and its Co(II)-
complex were synthesised and supplied by Dr H Yapati, Sri Venkateswara University, India, 
according to [118]. Tobacco mosaic virus (TMV) samples were purified and supplied by Prof 
K Warriner, University of Guelph, Canada, and Dr T Sit, NCSU, USA. Red clover necrotic 
mosaic virus (RCNMV) samples were purified and supplied by Dr T Sit, NCSU, USA, according 
to [74]. Recombinant Engrailed-2 Homeobox Protein (EN2) was supplied by both, Dr Richard 
Morgan, University of Surrey, UK and by Abnova - distributed in the UK by Caltag 
Medsystems. Bacteriophage M13KO7 helper-phage (M13KO7) was purchased from New 
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England BioLabs Inc., USA. Polycarbonate membranes 25 mm in diameter, 0.8 µm pore size 
were purchased from Osmonic Inc., Minnetonka, USA. Sieves (35 µm, 75 µm and 150 µm) 
were purchased from Endecotts Ltd. and Inoxia Ltd., UK. AT-cut quartz crystal microbalance 
(QCM) pieces of 9 MHz fundamental resonance with gold-on-chrome electrodes (5 mm 
diameter, surface area: 0.196 cm2) and a 3 micron finish (theoretical mass sensitivity: 5.458 
ng Hz-1 cm2) were purchased from Nihon Dempa Kogyo Co. Ltd., Tokyo, Japan, and kindly 
donated by Dr. Hidenobu Aizawa (Advanced Industrial Science and Technology AIST, 
Tsukuba). Screen-printed carbon electrodes (SPCEs) based on a ceramic substrate (L33 x 
W10 x H0.5 mm), with silver electric contacts and a three electrode electrochemical cell 
(carbon working electrode (4 mm diameter, surface area: 0.126 cm2), carbon counter 
electrode, and silver reference electrode) and an insulating layer which serves to delimit the 
working area (≈ 40 µL) and electric contacts (ref. 110) were purchased from DropSense, 
Oviedo, Spain. Glassy carbon electrodes (GCEs) 1 mm and 3 mm diameter (surface area: 
0.008 cm2 and 0.07 cm2 respectively), Ag/AgCl reference electrodes, platinum counter 
electrodes, and α-alumina powder were purchased from Metrohm and BASInc (Bioanalytical 
Systems, Inc.) West Lafayette, Indiana. Pooled plasma and serum samples from human 
volunteers were used in the biocompatibility studies.  
 
2.2 Bulk MIP Investigations  
2.2.1 MIP Fabrication 
Hydrogel-based MIPs (HydroMIPs) were synthesised using a family of acrylamide-based 
monomers, namely AAm, NHMA and NiPAm to form individual respective polymer 
hydrogels along with MBAm as a cross-linker and metal-complexes as co-monomer. Thus, 
0.76 M of each functional monomer (54, 77 and 85.6 mg respectively) were used 
individually along with 38.9, 55.1 and 61.6 mM (6, 8.5 and 9.5 mg) of MBAm as cross-linker 
for each of the PAM, PNHMA and PNiPAm hydrogels respectively. For the imprinting of 
metal-coded MIPs, appropriate amounts of complexes: Hemin, VFc, ZnPP, PP or Co-complex 
(dissolved in DMF) were also added to give final concentrations of 0 - 0.2 mM. Individual 
target protein templates at 12 mg mL-1 of BHb (186 µM), BSA (181.8 µM), HHb (186 µM), 
HSA (181.8  µM), PHb (186 µM), PAS (181.8 µM), Cat (48 µM), Tryp (538.1 µM), Lyz (816.3 
µM), Cyt C (960 µM), Tha (545.5 µM), Mb (685.7 µM), or pathogen templates at 0.5, 1, or 3 
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mg mL-1 of TMV (12.5, 25 and 75 nM), RCNMV (71.4, 142.9 and 428.6 nM), M13KO7 (14.3, 
28.6 and 85.7 nM) were also added along with either MilliQ water (18 mega ohm), Tris 
buffer solution (50 mM, pH 7.4) or buffer X solution (20 mM Tris pH 7.5, 150 mM KCl, 5 mM 
MgCl2, and 0.2 mg mL
-1 heparin), initiator (20 µL of a 10% (w/v) APS solution, 8.77 mM) and 
catalyst (20 µL of a 5% (v/v) TEMED solution, 8.6 mM) to give final volumes of 1 mL. 
Solutions were purged with nitrogen for 5 minutes (min) and polymerisation occurred 
overnight at room temperature (RT) (≈ 22±2 °C). Total percentage concentrations (w/v) of 
monomer and MBAm cross-linker are represented by T, and the cross-linking density (w/w), 
i.e. the ratio of monomer to MBAm, is represented by C. Thus, final gel densities were at 6% 
T AAm/MBAm (w/v); 8.5% T NHMA/MBAm (w/v); 9.5% T NiPAm/MBAm (w/v), and final 
cross-linking densities were at 10% C (9:1, w/w) for all hydrogels. For every MIP hydrogel 
created a non-imprinted control polymer (NIP) was prepared in an identical manner but in 
the absence of template protein. 
  
2.2.2 MIP Conditioning 
After polymerisation, the gels were granulated separately using one of the following sized 
sieves: 35, 75 or 150 µm. Of the resulting gels, 500 mg were transferred into 2 mL centrifuge 
EppendorfTM tubes and conditioned by washing with five 1 mL volumes of either MilliQ 
water, Tris buffer (50 mM, pH 7.4) or buffer X solution followed by five 1 mL volumes of 10% 
(w/v):10% (v/v) SDS:AcOH (pH 2.8) and another five 1 mL volume washes of MilliQ water to 
remove any residual SDS:AcOH eluent and equilibrated the gels. For the imprinting of 
pathogens, an alkali elution strategy was also investigated using a 1 M NaOH (pH 14) 
solution in the same manner. Each wash step was followed by centrifugation using an 
EppendorfTM mini-spin plus centrifuge for 3 min at 6000 revolutions per minute (rpm) 
(relative centrifugal force (RCF): 2419 x g). Supernatant fractions were extracted for 
spectrophotometric analysis to assess the removal of initial imprinted template using a 
NanoDrop 2000 UV-Vis spectrophotometer (Thermo Scientific). It should be noted that each 
of the last washing/elution fractions were not observed to contain any protein. Therefore it 
is assured that any remaining template protein within the MIPs did not continue to leach 
out during future studies. 
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2.2.3 MIP Characterisation  
2.2.3.1 Spectrophotometric Analysis  
After conditioning and equilibrating the gels, and once satisfied that MIP template had been 
successfully removed, 1 mL volumes of a 0.5, 1, and 3 mg mL-1 reload template protein or 
pathogen solution (or non-cognate for cross-selective and affinity studies) prepared in 
either MilliQ water, buffer X solution or 50 mM Tris pH 7.4, were mixed on a rotary vortex 
mixer then allowed to associate at RT (≈ 22±2 °C) with the respective imprinted gels (500 
mg) for 20 min. The gels were then washed with four 1 mL volumes of either MilliQ water or 
50 mM Tris buffer pH 7.4. Each step for all MIPs, and NIP controls was followed by 
centrifugation at 6000 rpm (RCF: 2419 x g) for 3 min. Supernatant fractions were extracted 
by micropipette for spectrophotometric analysis using a NanoDrop 2000 UV-Vis 
Spectrophotometer (Thermo Scientific) to assess the rebinding of the templates. Pathogen 
samples were determined using known extinction coefficients (ε) at 260 nm and corrected 
for light scattering at 325 nm (ɛTMV = 3.01, ɛM13KO7 = 3.84 and ɛRCNMV = 6.46 mg mL
-1 cm-1 
respectively) [119-121]. 
 
2.2.3.2 Thermal Analysis  
Thermal stability of the polymer materials was determined using thermo gravimetric 
analysis (TGA). The glass transition temperature (Tg) of the polymer materials was 
determined using differential scanning calorimetry (DSC). TGA was performed by a TGA 
Q500 V6.7 Build 203 (Universal V4.7A TA Instruments, UK) under nitrogen atmosphere from 
25 to 600 °C at a heating rate of 10 °C/min. DSC was performed using a DSC Q1000 V9.9 
Build 303 (Universal V4.7A TA Instruments, UK) using a heat/cool/heat test method (rate of 
10 °C/min) to eliminate the effect of moisture [44]. DSC thermograms of each sample were 
obtained from the second heating run (from 0 to 250 °C) after a first heating run from 0 to 
150 °C, and Tg values were taken as the midpoint of transition (half height). All TGA/DSC 
measurements were performed using dried samples (5 - 10 mg) under nitrogen atmosphere. 
 
2.2.3.3 Microscopic Analysis 
Optical microscope images of granulated and washed/eluted MIPs and NIPs were taken on 
glass slides using a polarizing microscope at x10 magnification (Nikon Eclipse LV100, Nikon 
Instruments Europe B.V., UK). 
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2.3 QCM Biosensor Applications 
All quartz crystal microbalance (QCM) frequency and impedance measurements were taken 
in triplicate using a HP Hewlett Packard 4194A impedance/gain analyser. Electrochemical 
QCM (EQCM) was conducted using an Agilent 53131A 225 MHz universal counter. An in-
house written QBasic programme was used to drive the analyser and collect series 
resonance frequency and impedance data in real-time. Continuous real-time scans were 
conducted in-order to assess characteristic impedance changes of the gels during surface 
exposure to these wash, elute and protein rebinding conditions. QCM pieces were 
sealed/air capped (single-sided) with silicon glue in-order to prevent short circuiting when 
the QCM was submerged in solution. Before each experiment QCM crystals were thoroughly 
cleaned for 5 min in a freshly prepared 1∶3 mixture of H2O2 (1 M) and H2SO4 (0.5 M) and 
then polished with IPA and MilliQ water successively and sufficiently dried under a N2 
atmosphere.  
 
2.3.1 Bulk ‘Thin-film’ MIP Investigations 
2.3.1.1 MIP Fabrication 
MIP and NIP PAM, PNHMA and PNiPAm gels were synthesised using the hydrogel 
production procedures outlined in section 2.2.1. Before polymerisation, MIPs and NIPs were 
deposited as thin films onto the capped QCM crystals. Thin-films were achieved by beading 
and compressing the polymerising solutions (10 μL) directly onto the crystals in accordance 
to [4].  
 
2.3.1.2 MIP Characterisation 
MIP and NIP thin-film capped crystals were sequentially immersed in MilliQ water, followed 
by 10% (w/v):10% (v/v) SDS:AcOH in order to remove imprinted protein primarily from the 
surface of the polymer. This was followed by another submersion in MilliQ water to remove 
any residual surfactant and to re-condition the hydrogel. After subsequent stabilisation of 
the QCM response, template protein was reloaded by immersing the QCM crystal in a 0, 1, 2 
and 3 mg mL-1 protein solution (template BHb and non-cognate BSA, Thau, Lyz, and Tryp) for 
set times and the response trace was recorded at RT (≈ 22±2 °C). 
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2.3.2 Electrochemically-induced MIP (E-MIP) Investigations 
2.3.2.1 E-MIP Fabrication 
Hydrogel-based MIP thin-film membranes for BHb were fabricated by electrochemically-
induced polymerisation (ECIP) of AAm solutions using PBS buffer (10 mL, pH 7.2) containing 
7.75 µM  (5 mg mL-1) BHb protein template, 0.76 M (54 mg mL-1) AAm as the functional 
monomer, 38.9 mM (6 mg mL-1) MBAm as the cross-linker, 0.29 M (250 mg mL-1) sodium 
nitrate, and 48.1 mM (130 mg mL-1) potassium peroxydisulfate. The potential was cycled 
between −0.2 V and −1.4 V and investigated at 20, 50, 75 and 100 mV s-1 for either five, ten 
or twenty cycles. Prior to electropolymerisation, the working solution was deoxygenated 
with N2 for 10 min. For every hydrogel MIP membrane created, a non-imprinted control 
polymer (NIP) was prepared in an identical manner but in the absence of template protein. 
Final gel densities were at 6% T AAm/MBAm (w/v) and final cross-linking densities were 10% 
C (9:1, w/w) for all hydrogels. Molar ratios of monomer to template, and cross-linker to 
template BHb protein were around 98064:1 and 5022:1, respectively for each MIP. All 
electrochemical QCM (EQCM) measurements were performed using a standard three-
electrode single-compartment cell comprising a single-sided (capped) QCM piece (5 mm in 
diameter) as a working electrode, a Ag/AgCl reference electrode (saturated KCl) and a 
platinum counter electrode all connected to an Autolab II potentiostat/galvanostat (Utrecht, 
Netherlands) to drive the electro-polymerisation and coupled to an Agilent 53131A 225 MHz 
universal counter to record the response trace at RT (≈ 22±2 °C). 
 
2.3.2.2 E-MIP Characterisation   
MIP and NIP thin-film capped crystals were sequentially immersed in MilliQ water, followed 
by 10% (w/v):10% (v/v) SDS:AcOH in order to remove imprinted protein primarily from the 
surface of the polymer. This was followed by another submersion in MilliQ water to remove 
any residual surfactant and to re-condition the hydrogel. After subsequent stabilisation of 
the QCM response, template protein was reloaded by sequentially adding BHb protein (100 
µg mL-1) at set times and the response trace was recorded at RT (≈ 22±2 °C). 
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2.4 Electrochemical Biosensor Applications 
2.4.1 Bulk MIP Investigations 
All electrochemical measurements were performed in triplicate using a standard three-
electrode single-compartment cell comprising the GCE, a Ag/AgCl reference-electrode 
(saturated KCl) and a platinum counter-electrode all connected to an Autolab II 
potentiostat/galvanostat (Utrecht, Netherlands). GCEs were polished before each 
experiment with α-alumina powder followed by sonication in 1:1 nitric acid:acetone and 
MilliQ water successively and tested with methyl viologen between each new MIP/NIP 
experiment. The potential range used in all electrochemical cyclic voltammetry (CV) 
measurements was 0.0 to -0.9 V with a scan rate of 100 mV s−1. 
 
2.4.1.1 MIP Fabrication 
Glassy carbon working electrode surfaces (GCEs) were individually modified with a 20 mg 
conditioned PAM hydrogel layer of each: NIP, BHb MIP, Cyt C MIP, BSA MIP, and Mb MIP as 
previously described in sections 2.2.1 and 2.2.2. The layer was kept in place by a 
polycarbonate membrane (0.8 µm) placed over the modified electrode surface and held 
down with the aid of a rubber ring. The polycarbonate membrane was chosen because its 
pores are small enough to retain the gel (75 µm particle size) and, at the same time, large 
enough to allow protein in solution to diffuse through.  
 
2.4.1.2 MIP Characterisation 
Modified GCEs were first placed in a working solution of PBS buffer (10 mL, pH 7.2) and SDS 
5% (w/v) and analysed after a 20 min equilibration period. Subsequently, 15.4 µM protein 
solutions (BHb - 1 mg mL-1, BSA - 0.98 mg mL-1, Mb - 0.26 mg mL-1, and Cyt C - 0.18 mg mL-1) 
dissolved in PBS buffer (pH 7.2) and SDS 5% (w/v) were placed independently in the cell and 
cyclic voltammograms (CVs) were obtained at 10 min intervals for 60 min. It should be 
noted that protein solutions were stirred between measurements for 3 min. CVs using bare 
GCEs were also recorded for the PBS buffer (pH 7.2) and SDS 5% (w/v) buffer solution and 
for the 15.4 µM protein solutions (BHb, BSA, Mb and Cyt C) dissolved in PBS buffer (pH 7.2) 
and SDS 5% (w/v).  
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2.4.2 Electrochemically-induced MIP (E-MIP) Investigations 
2.4.2.1 Glassy Carbon Electrode (GCE) Application 
All electrochemical measurements were performed using the same procedure as described 
in section 2.4.1 with the exception of methyl viologen. CV measurements of potassium 
ferricyanide were conducted in the range of 0.5 to -0.1 V, at scan rates of 50 mV s−1. 
Differential pulse voltammetry (DPV) was conducted using scan rates of 50 mV s−1, step 
widths of 0.1 s, step potentials of 5 mV, a pulse width and pulse amplitude of 50 mV. 
 
2.4.2.1.1 E-MIP Fabrication   
Hydrogel-based PAM MIP thin-film membranes for BHb were fabricated by ECIP onto 
polished glassy carbon electrode (GCE) surfaces (1 or 3 mm diameter) using the same 
procedure as described in section 2.3.2.1.  
 
2.4.2.1.2 E-MIP Characterisation 
CV and DPV analysis were performed in batches (10 mL) of a potassium ferricyanide solution 
(5 mM) containing KCl (0.5 M) as supporting electrolyte to characterise the four different 
GCE phases (bare, polymer modified, elution, and protein analysis for both MIP and NIP). 
Once electropolymerised, the modified GCEs (MIP and NIP) were immersed firstly in a 10% 
(w/v):10% (v/v) SDS:AcOH (pH 2.8) solution, followed by a solution of H2SO4 (0.5 M) for an 
optimised time to elute the protein, and then in PBS buffer (pH 7.2) for 30 min to equilibrate 
the membranes. Modified GCES were then analysed to access the removal/elution of 
template protein by submerging in the potassium ferricyanide redox tracer. For protein 
selectivity studies, modified GCEs (MIP and NIP) were first incubated in BHb protein solution 
(0 - 1 mg mL-1) for 30 min, washed with PBS buffer (pH 7.2) to remove non-specifically 
bound protein, and then transferred into potassium ferricyanide solution for CV and DPV 
analysis. This was then followed by immersion in a solution of 10% (w/v):10% (v/v) 
SDS:AcOH (pH 2.8) for 2 hrs, then a solution of H2SO4 (0.5 M) for 1 hr, and then equilibration 
in PBS buffer (pH 7.2) for 30 min. GCEs were then exposed to either HHb or PHb (30 min) in 
series to assess MIP selectivity, again using potassium ferricyanide as the redox tracer.  
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2.4.2.1.3 E-MIP Biocompatibility Study 
In order to assess MIP suitability in biological samples, both, MIP and NIP membranes were 
investigated for their potential application for biological diagnostics using control urine 
(Surine) along with human plasma and serum matrices to assess for potential interferents 
that could affect template protein rebinding. Reload samples of Surine, diluted plasma and 
serum (1:10) were tested by incubating the modified GCE (MIP and NIP) for 30 min, and 
then washed with PBS buffer (pH 7.2) to remove non-specifically bound protein. Surine, 
plasma and serum samples were also spiked with a mixture of either all three proteins (BHb, 
HHb, PHb; 100 µg mL-1 each) or a mixture in the absence of the original BHb template (HHb, 
PHb; 100 µg mL-1 each). These were allowed to associate with the modified GCE (MIP and 
NIP) for 30 min, and then washed with PBS buffer (pH 7.2) to remove non-specifically bound 
protein and transferred into potassium ferricyanide solution for CV analysis. Between each 
measurement the modified-GCEs were immersed in 10% (w/v):10% (v/v) SDS:AcOH (pH 2.8) 
then a solution of H2SO4 (0.5 M) for an optimised time to elute the protein, equilibration in 
PBS buffer (pH 7.2) for 30 min then followed before assessing in potassium ferricyanide.  
 
2.4.2.2 Screen-printed Carbon Electrode (SPCE) Application 
All electrochemical measurements were performed in triplicate using DropSense SPCEs 
connected to an EmStat 2 portable potentiostat (Palm Sense instruments BV, Netherlands). 
SPCEs were electrochemically pre-treated (etched and cleaned) before each experiment by 
sweeping the potential between 0.1 and 1.5 V in H2SO4 (0.5 M) at 0.1 V s
−1 until reproducible 
voltammograms were observed (normally around 25 scans). CV and DPV measurements of 
metal complexes were conducted at varying potentials based on their redox states at scan 
rates of 50 mV s−1. DPV was conducted using scan rates of 50 mV s−1, step widths of 0.1 s, 
step potentials of 5 mV, a pulse width and pulse amplitude of 50 mV. 
 
2.4.2.2.1 E-MIP and Metal-coded E-MIP Fabrication   
Hydrogel-based PAM MIP thin-film membranes were fabricated by ECIP onto pre-treated 
screen-printed carbon electrode surfaces (SPCEs) by applying 30 µL volumes using the same 
procedure as described in section 2.3.2.1. Imprinting was investigated at 25 µg mL-1 using 
either BHb (0.4 µM), PSA (0.9 µM), EN2, TMV (0.6 nM), RCNMV (3.6 nM), or M13KO7 (0.7 
nM) protein/pathogen templates. For the integration and imprinting of metal-coded E-MIPs, 
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appropriate amounts of complexes: Hemin, VFc, SnPP, or Co-complex (dissolved in DMF) 
were also added to give final concentrations of 0 - 0.2 mM (metal-coded E-MIP). Final gel 
densities were investigated at 6% and 8.5% T, AAm/MBAm (w/v) and cross-linking densities 
at 10% and 12% C (w/w) respectively for all hydrogels. Once electropolymerised, the 
modified SPCEs (MIP and NIP) were immersed firstly in a 10% (w/v):10% (v/v) SDS:AcOH (pH 
2.8) solution for 2 hrs followed by a solution of H2SO4 (0.5 M) for 1 hr and then immersed in 
PBS buffer (pH 7.2) for 30 min to equilibrate the membranes.  
 
2.4.2.2.2 E-MIP Characterisation 
CV and DPV analysis were performed using potassium ferricyanide solution (30 µL, 5 mM) 
containing KCl (0.5 M) as supporting electrolyte to characterise the four different SPCE 
phases (bare, polymer modified, eluted polymer modified, and protein/pathogen analysis). 
Thus, both, MIP and NIP modified SPCEs were analysed to access the removal/elution of 
template protein/pathogen using the potassium ferricyanide redox tracer. For 
protein/pathogen selectivity studies, the modified SPCEs (MIP and NIP) were first incubated 
in protein/pathogen solution at varying concentrations (0.008, 0.04, 0.2, 1 and 5 µg mL-1) for 
30 min, washed with PBS buffer (pH 7.2) to remove non-specifically bound 
protein/pathogen, and then exposed to the potassium ferricyanide probe solution for CV 
and DPV analysis.  
 
2.4.2.2.3 Metal-coded E-MIP Characterisation 
CV and DPV analysis were performed using PBS buffer (30 µL, pH 7.2) containing KCl (0.5 M) 
as supporting electrolyte. MIP and NIP modified SPCEs were directly characterised by the 
polymer-encoded metal tag. Thus, the removal of template protein/pathogen and reloading 
at varying concentrations (0.008, 0.04, 0.2, 1 and 5 µg mL-1, over a period of 10 min) 
occurred directly at the SPCEs surface.  
 
2.4.2.2.4 Scanning Electron Microscopy (SEM) Analysis  
Scanning electron microscopy (SEM) analysis of the SPCEs was conducted using a highly 
versatile, easy- to-use analytical field emission SEM with a spatial resolution of 1.2 nm at 30 
kV (JEOL JSM-7100F, JEOL USA Inc., USA). The microscope is fitted with a Thermo Scientific 
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triple analysis system, featuring an UltraDry EDS detector, a MagnaRay parallel beam WDS 
spectrometer and a QuasOr system for electron backscattered diffraction (EBSD). All three 
analytical functions are integrated into a single Noran System 7 data system to allow 
integration between three complementary techniques. Depending on the samples, dry 
SPCEs were attached to an aluminium plate without any further processing, or they were 
sputter coated with a 3 nm conductive gold layer. 
 
2.4.2.2.5 Atomic Force Microscopy (AFM) Analysis 
Atomic force microscopy (AFM) analysis of the modefied SPCEs was conducted using a 
silicone tip ‘in contact mode’ at a scan rate in the range of  0.8 to 1.8 Hz  (Nanoscope III, 
Digital Instruments). Scan sizes of 1, 5, 10, 20, 40 and 80 µm were recorded using 256 x 256 
pixile ‘non-filtered’ images.  
 
2.4.2.2.6 Contact Angle (CA) Analysis  
Contact angle (CA) analysis of dry SPCEs (modified and unmodified) were conducted using 
MilliQ water at RT (22±2 °C) in order to determine the hydrophobicity, wettability and 
surface tension using the sessile drop method with a First Ten Angstroms (FTÅ-200) 
instrument (Portsmouth, UK) by imaging the drop on a charge-coupled device (CCD) camera. 
 
2.5 Statistical Analysis  
Principal component analysis (PCA) discriminant function analysis (DFA) and hierarchical 
cluster analysis (HCA) were performed in IBM SPSS Statistics, Version 21. PCA and DFA were 
used to reduce the large data sets to 2D plots, which can be easily used to discriminate bio 
samples. Dendrograms were calculated using a nearest neighbour cluster method (single 
linkage) and Euclidean distance. For electrochemical experiments the analysis were carried 
out using triplicate voltammetric current density values in a random order without any 
previously pre-processing and scaling from bare and modified GCEs/SPCEs electrodes as 
input.  
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3 Chapter Three    
Bulk MIP Investigations 
 
3.1 Introduction  
In order to determine the potential of a MIP for biosensor application, it is necessary to 
characterise and quantify the imprinting efficiency of the polymer. This is usually performed 
by a sensitive analytical procedure such as spectrophotometry or fluorimetry. Template 
molecules can be detected at different experimental stages by measuring the supernatant, 
(i.e. wash, elution, and loading of the template from the MIP) which in turn are 
characteristic of certain imprinting or non-imprinting effects within the gels. Throughout 
this work the molecular imprinting effect or imprinting efficiency is characterised through a 
series of protein/pathogen rebinding studies. However, visual characterisations of MIPs are 
more problematic, visualising imprinted cavities in matrices is very difficult because of the 
sub-nanometre size of the cavities. Thus it has been deemed necessary to incorporate other 
bio-analytical strategies that allow the corroboration of spectroscopic analysis. An important 
feature of the rebinding analyses is the removal of the template protein from the imprinted 
MIPs. This is to ensure that there is a high retention of reloaded template to the MIP during 
the rebinding phases. It is vital that the template is released evacuating the cavities to 
facilitate the rebinding process. This is critical in clinical applications of MIPs, where it would 
be expected that most, if not all of the template is directed to the desired area i.e. in drug 
delivery systems.  
 
                  
 
Equation 3.1 - The rebinding capacity (Q) to the polymer gel (mg g
-1
). These are calculated for both MIP and 
NIP, to compare MIP selectivity. 
 
The molecular imprinting effect or imprinting efficiency is characterised by the rebinding 
capacity (Q) of template to the polymer gel (mg g-1) exhibited by the template-specific MIP 
and the non-imprinted control (NIP). This is calculated using Equation 3.1, where Ci and Cf 
are the initial template and the recovered template concentrations (mg mL-1) respectively 
(which identifies the specific bound template within the gel), V is the volume of the initial 
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solution (mL), and g is the mass of the gel polymers (g). The cross-reactivity of the template-
specific MIPs for non-cognate templates is just as important when conducting routine assays, 
and can be quantified using relative imprinting factors (k), Equation 3.2. Where IFtemplate is 
the imprinting factor for the original template, and IFanalogue is the imprinting factor for a 
cross-reacting non-cognate molecule.  
 
  
          
          
    
 
Equation 3.2 - Relative imprinting factors (k). IF is calculated by the specific bound template to the MIP 
divided by the specific bound to the non-imprint control (NIP). 
 
The previous two terms/techniques, among many others, are commonly used in MIP-based 
studies and are used throughout this work to assess and determine the validity and 
feasibility of successfully imprinting and integrating the proposed polymers for rapid in-situ 
analysis.  
 
3.2 Results and Discussion 
3.2.1 Protein Imprinting 
3.2.1.1 MIP Characterisation 
Figure 3.1 A and B show the optical microscope images of granulated and washed bovine 
serum albumin (BHb) polyacrylamide (PAM) MIPs and NIPs at total gel percentage densities 
(% T) of 6% T, acrylamide (AAm)/N,N’-methylenebisacrylamide (MBAm) (w/v) and cross-
linking densities (% C) of 10% C (9:1, w/w). In this case, the molar ratios of AAm monomer, 
and MBAm cross-linker, to template BHb protein were at 4086:1 and 209:1 respectively. 
PAM MIP particles appear denser than the NIPs due to the light contrast apparent from 
protein which is still locked in the bulk of the MIP. It is also evident that MIP particles form 
larger agglomerates with each other compared with the NIP. This is most likely due to 
surface entrapped protein in MIP particles which is attracted to more surface entrapped 
protein within other MIP particles. This is not observed with the NIP. Rebinding capacities 
(mg g-1) were calculated using Equation 3.1, and consequent imprinting effects of PAM MIPs 
and NIPs for several different proteins are illustrated in Figure 3.2.  
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Figure 3.1 - Microscope imaging of 75 µm PAM hydrogel particles of non-imprinted controls (NIPs) (A), and 
bovine haemoglobin (BHb) imprinted MIP (B). Images taken using a Nikon Eclipse LV100, X10 (WD 7.0), WD = 
working dimensions.  
 
Despite the PAM MIP being the same throughout each of the protein MIPs, there is a 
distinctive rebinding capacity for each imprinted template. This is probably due to the 
varying sizes and attributes of the individual templates [33]. The internal measures of the 
imprinting effect between MIP and NIP serves to demonstrate that the MIP possesses 
selective cavities for the rebinding of the template molecule compared with the NIP control. 
 
 
Figure 3.2 - Rebinding capacities (Q, mg g
-1
) and consequent imprinting efficiencies of MIP and NIP PAM 
hydrogels for several biological molecules (bovine haemoglobin (BHb), bovine serum albumin (BSA), 
myoglobin (Mb), cytochrome C (Cyt C), lysozyme (Lyz), trypsin (Tryp), and catalase (Cat). Significance of 
MIP/NIP (***ρ < 0.005, ****ρ < 0.0001) was calculated using a paired two-tailed Student’s t-test. Data 
represents mean ± S.D., n = 3. 
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As expected, MIPs exhibited superior selective binding of target proteins compared with NIP 
controls (P ≈ < 0.005). Similar trends, for the same templates, are also exhibited by poly(N-
hydroxymethylacrylamide) (PNHMA) MIPs, whereas poly(N-iso-propylacrylamide) (PNiPAm) 
demonstrated lower rebinding capacities. Thus, bulk gel characterisation revealed the 
highest rebinding capacities, for example BHb MIPs based on PAM exhibited rebinding 
capacities, Q of 4.8±0.2, followed by PNHMA (Q = 4.3±0.3), PNiPAm (Q = 3.6±0.4). These gel 
imprinting trends are in agreement with those previously published [7, 33, 34]. Total gel 
percentage densities (% T) were at 6% T AAm/MBAm (w/v) for PAM, 8.5% T NHMA/MBAm 
(w/v) for PNHMA and 9.5% T NiPAm/MBAm (w/v) for PNiPAm; final cross-linking densities 
(% C) were at 10% C (9:1, w/w) for all hydrogels. Molar ratios of monomer to template, and 
cross-linker to template BHb protein were at 4086:1, and 209:1, 296:1, 331:1 for PAM, 
PNHMA, and PNiPAm gels respectively. Whereas molar ratios of monomer, and cross-linker, 
to other template proteins varied greatly, due to the fact that initial imprinting was kept at a 
constant 12 mg mL-1. For example, for PAM hydrogels BSA imprinting was at 4180:1 
(AAm/BSA) and 214:1 (MBAm/BSA); whereas Cat imprinting was at 158333:1 and 810:1; and 
Cyt C was at 792:1 (AAm/Cyt C) and 41:1 (MBAm/Cyt C). Interestingly, Q is highest for BHb 
imprinting while both, Mb and Cat MIPs exhibit the lowest binding capacity. It has 
previously been observed that with smaller size proteins a higher cross-linking density is 
necessary; the opposite is also true for larger proteins [32, 33]. Since the cross-linking 
density remained the same (10% w/w), the low MIP affinities for Cat and Mb can be 
attributed to the fact that fewer cavities were imprinted due to too high, and too low cross-
linking densities respectively. 
 
It should be noted that for all MIPs approximately 80±5% of the imprinted template was 
recovered and quantified using spectrophotometric analysis during the initial conditioning 
washes (MilliQ water and/or buffer, and the 10% ratio (w/v) of SDS:AcOH). The time allowed 
for template removal is specified within the washing procedures, and the last wash fractions 
were not observed to contain any protein. Therefore it is assured that the remaining 
template protein did not continue to leach out during rebinding studies. An issue to address 
is that the diffusivity of proteins in cross-linked polymer matrices is rather slow when 
looking at surface binding [35, 53] . Generally polymer geometry, polymer hydration, cross-
linker density, protein size and temperature all play a role in the time needed for a protein 
to diffuse into the polymer matrix and to reach equilibrium [33, 36]. For instance, the 
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molecular weight of BHb is approximately four times higher than that of Mb. Thus, the 
difference in size leads to a slower movement of BHb in the cross-linked polymer matrix and 
therefore more time is expected to be required in order to reach equilibrium. However, 
MIPs exhibited herein are ground down through a 75 µm sieve and exhibit a bulk gel effect. 
Therefore the required incubation time was validated using PAM gels before affinity was 
properly assessed. It should be noted that equilibrium of BHb and Mb upon incubation with 
their corresponding MIPs was reached at different times. However after 20 min overall 
loading time, concentrations for BHb in the supernatant did not continue to decrease, 
suggesting that equilibrium binding had been reached. Therefore an optimised time (20 
min) was applied for protein equilibrium binding. 
 
3.2.1.2 MIP Selectivity 
Selectivity studies were conducted to confirm a BHb specific imprinting effect for PAM MIPs 
and to assess the relative imprinting factor of selective binding profiles. Figure 3.3 illustrates 
higher MIP selectivities for BHb template and the degree of cross-selectivity for other non-
cognate analytes suggests that non-cognate cytochrome C (Cyt C), catalase (Cat), lysozyme 
(Lyz), and trypsin (Tryp) proteins have relatively low affinities for a BHb-specific PAM MIP k ≈ 
0.2±0.05 to 0.5±0.1 respectively. However, bovine serum albumin (BSA), which has a similar 
MW to BHb, exhibited a high degree of selectivity resulting in high k values of 0.72±0.05. 
Myoglobin (Mb) also exhibited some degree of cross-selectivity; this can be attributed to its 
size, which is a quarter that of BHb, and similarity to a single BHb sub-unit. Interestingly 
though, when reversed, a PAM BSA-MIP exposed to non-target BHb protein had relatively 
low affinity. It would appear that BSA has a high ability to bind non-specifically to a BHb MIP, 
whereas BHb does not exhibit the same ability with a BSA MIP. 
 
Competitive binding studies using a 50:50 mixture of BHb:BSA (3 mg mL-1 total) on a MIP-
BHb were also conducted. The BSA caused an obvious capacity decrease of BHb binding on 
the BHb-MIP, suggesting that the rebinding of BHb was displaced by the competing BSA. 
Despite the similar size between BSA and BHb (66 kDa and 64.5 kDa, respectively) it should 
be noted that BSA has a pI of 4.6 and BHb a pI of (6.8 - 7.0), and since competitive binding 
was performed under MilliQ water (pH 5.4) conditions are in favour of BSA [50, 122]. Above 
its pI BSA becomes negatively charged and the groups exist as -NH2 and -COO
-, this overall 
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negative net charge induces more favourable and complementary hydrogen bonding 
interactions between amide and carboxylic groups, resulting in increased specific as well as 
non-specific binding [33]. However since size, structure, and specificity of the imprinted 
cavities more accurately resemble the structure of the native imprinted BHb template, it is 
rational that the addition of BSA as a competing protein would be rejected by the BHb-
specific imprinted cavities. As the opposite is observed, it can be assumed that BSA does not 
bind non-specifically to a BHb MIP, but rather obstructs the specific recognition sites of 
cavities due to its sticky nature [122].  
 
 
Figure 3.3 - Relative imprinting factors (k) for a range of non-cognate proteins (BSA, Mb, Cyt C, Cat, Lyz and 
Tryp) to a PAM BHb-MIP. For the template BHb k = 1, and for non-cognate proteins that are less-specific for 
the BHb MIP, k < 1. Significance (*ρ < 0.05, **ρ < 0.01, ***ρ < 0.005, ****ρ < 0.0001) was calculated using an 
unpaired two-tailed Student’s t-test relative to BHb template. Data represents mean ± S.D., n = 3. 
 
3.2.1.3 MIP Specificity 
The aim of this section is to optimise synthetic hydrogel-based MIPs to specifically recognise 
and discriminate between species of proteins for future application in electrochemical 
diagnostic devices (later demonstrated in section 5.2.2.1) using pattern recognition based 
on chemo-metric techniques consisting of multivariate analysis such as principle component 
analysis (PCA) and linear discriminant analysis (LDA). This application of protein-specific 
MIPs and PCA or LDA analysis offers the potential for rapid in-field testing, for example meat 
samples, based on analysing protein profiles or levels with minimal sample preparation. 
There has been recent public concern and interest in the authenticity and origin of meat in 
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the human food chain. For example the 2013 ‘horsemeat scandal’ where the Food Safety 
Authority of Ireland (FSAI) announced the discovery of horse DNA in supposedly 100% beef 
burgers sold in British and Irish supermarkets [123].  In light of this, novel sensor strategies 
for the discrimination between protein species are highly sought after. Recent 
developments using 60 MHz 1H NMR as a screening tool for distinguishing beef from horse 
meat has been demonstrated [124]. While this represents a feasible high-throughput 
approach for screening raw meat, the method is inherently not portable and so cannot be 
currently used in-field. Thus, the objective herein is to discriminate between key proteins in 
3 species using cheap, portable and synthetic smart material MIPs. MIP selectivity for two 
proteins (hemoglobin (Hb) and serum albumin (SA)) of similar molecular weight (MW) was 
compared across three different species, namely porcine, bovine and human using the 
combined latter mentioned techniques. Hb is a well-known allosteric protein for its carbon 
dioxide and oxygen transport in the blood, as well as regulating blood pH [50]. Hb is 
approximately 64.5 kDa in size (≈ 5 nm diameter) and has an iso-electric point (pI) of 6.8. 
Compared to smaller MW proteins, Hb possesses more active sites with functional 
monomers and hence more flexible conformational transitions in the imprinting process 
[50]. This results in more difficulties for Hb to form imprinted sites. SA, MW of 66.4 kDa and 
a pI of 4.7, is the main monomeric globular protein of plasma, and has a good binding 
capacity for water, Ca2+, Na+, K+, fatty acids, hormones, bilirubin and drugs. SA, particularly 
from bovine (BSA), is commonly used to determine the quantity of other proteins by 
comparing an unknown quantity of protein to known amounts of BSA. Due to BSA having 
high stability, low cost, and a lack of effect in many biochemical reactions, it has served 
many uses as a carrier protein, as a stabilising agent in enzymatic reactions, and in gel shift 
assays. These attributes serve as an excellent cross-selective template study for Hb. Figure 
3.4 A and B show the rebinding capacities (Q, mg g-1) and imprinting effects of PAM MIP and 
NIPs for the several different proteins using both, a MilliQ water and a 50 mM Tris buffer 
(pH 7.4) and MIP system. It can be seen that despite the polymer being the same, there is a 
distinctive rebinding capacity for each imprinted template. This is probably due to the 
varying sizes and attributes of the individual templates. The internal measures of the 
imprinting effects between MIP and NIP serves to demonstrate that the MIP possesses 
selective cavities for the rebinding of template molecule compared with the NIP. 
Comparative studies using a water-based MIP system and a MIP prepared in 50 mM Tris 
buffer (pH 7.4) were conducted to assess the stability of both, hydrogel and protein.   
52 
 
 
 
 
Figure 3.4 - PAM MIP and NIP binding capacities Q (mg g
-1
 polymer) using a MilliQ water MIP system (A), and 
a 50 mM Tris buffer (pH 7.4) MIP system (B), for both, serum albumin and haemoglobin of bovine, human 
and pig species (BSA, HSA, PAS and BHb, HHb, PHb respectively). Data represents mean ± S.D., n = 3. 
 
Conformational stability of proteins is known to increase if anionic buffers are used above 
the pI of the protein (and conversely, if cationic buffers are used below the pI) [33]. At 
optimum pH, proteins contain amine and carboxyl groups existing as -NH3
+ and -COO-. 
Above their pI however, proteins become negatively charged and the groups exist as -NH2 
and -COO-. This overall negative net charge induces more favourable and complementary 
hydrogen bonding interactions, resulting in increased specific binding, and hence a Tris 
buffer (pH 7.4) system is preferred. Interestingly, despite similar MW (within species and 
proteins) and pIs (within species, not proteins) the specific response of the polymer to the 
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species of Hb and SA (also within the proteins themselves, i.e. either Hb or SA) suggests that 
the imprinted cavities distinguish the differences in protein structure between the two 
proteins, presumably due to specific hydrogen bonding between the SA and Hb to the PAM 
MIP matrix [50, 109, 110, 125]. To further illustrate MIP specificity, fingerprint pattern 
recognition profiles were generated from the raw binding data based on the percentage 
that each of the individual proteins bound to MIP and NIP PAM polymers collectively using 
both, PCA and LDA methods. Figure 3.5 A and B show the LDA plots for the multiple proteins 
and species using discriminant functions DF1 vs. DF2 at a cumulative variance of 81% and 
90%, and a 0.434 and a 0.999 canonical correlation for both, MilliQ and Tris buffer MIP 
systems respectively. 
  
 
Figure 3.5 - Discriminant function plots (DF1 vs. DF2) showing the linear discrimination analysis (LDA) of all 
protein cases as unique protein fingerprint clusters or groups for both, serum albumin and haemoglobin 
proteins of bovine, human and pig species using a MilliQ water MIP system (A), and a 50 mM Tris buffer (pH 
7.4) MIP system (B). 
 
Each protein exhibits an individual unique binding pattern for the MIPs and NIPs, especially 
within the Tris buffer system. The discrimination in the plot shows different separations 
based upon different characteristics and illustrates a clear cluster discrimination of all 
proteins as unique protein fingerprints for corresponding protein templates, allowing for 
MIP-based protein profiling. Using LDA 100% of the original grouped cases, and the cross-
validated grouped cases were correctly classified within the predicted group membership 
for the Tris buffer MIP system, significance (ρ) = < 0.0005, whereas the MilliQ water 
A             B 
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demonstrated only a 40% correct classification of original grouped cases, and the cross-
validated grouped cases. Using the previously described data transformations, PCA was also 
conducted instead of LDA for the Tris buffered MIP system, using the first two principal 
components, revealing that 94% of the original grouped cases were correctly classified and 
83% of the cross-validated grouped cases were correctly classified (significance (ρ) = < 
0.0005), see Table 3.1. This reduction can be attributed to the fact that PCA is an 
unsupervised method of multivariate analysis and when applied to this data set it identifies 
the combination of attributes (principal components, or directions in the feature space) that 
account for the most variance in the data. LDA however, is a supervised method that uses 
known class labels and identifies attributes that account for the most variance between 
classes.  
 
Table 3.1 - Predicted group membership for a cross-validation ‘leave-one-out’ classification using PCA (PC1 
vs. PC2) of the six protein cases in a Tris buffer MIP system.   
Group 
Predicted Group Membership 
Total 
BHb HHb PHb BSA HSA PAS 
Original 
Count 
BHb 3 0 0 0 0 0 3 
HHb 0 3 0 0 0 0 3 
PHb 0 0 3 0 0 0 3 
BSA 0 0 0 3 0 0 3 
HSA 0 0 0 0 2 1 3 
PAS 0 0 0 0 0 3 3 
% 
BHb 100 0 0 0 0 0 100 
HHb 0 100 0 0 0 0 100 
PHb 0 0 100 0 0 0 100 
BSA 0 0 0 100 0 0 100 
HSA 0 0 0 0 66.7 33.3 100 
PAS 0 0 0 0 0 100 100 
Cross-
validated 
Count 
BHb 3 0 0 0 0 0 3 
HHb 0 3 0 0 0 0 3 
PHb 0 0 3 0 0 0 3 
BSA 0 0 0 3 0 0 3 
HSA 0 0 0 0 2 1 3 
PAS 0 0 0 0 2 1 3 
% 
BHb 100 0 0 0 0 0 100 
HHb 0 100 0 0 0 0 100 
PHb 0 0 100 0 0 0 100 
BSA 0 0 0 100 0 0 100 
HSA 0 0 0 0 66.7 33.3 100 
PAS 0 0 0 0 66.7 33.3 100 
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According to global alignment tools, a pairwise sequence alignment shows that the 
similarity between Hb and SA within the same species varies by 13% for bovine, 11% for 
human, and 12% for porcine species. Overall, the six proteins together have a 6.7% similarity, 
grouping porcine and bovine together in SA, whereas in Hb human and bovine share a 
higher homology. Individually, the homology of pig, bovine and human in serum albumin 
(PAS, BSA and HSA, respectively) sequence is 69%, sharing 420 and 124 identical and similar 
positions respectively. While the homology of the pig, bovine and human in haemoglobin 
(PHb, BHb, and HHb, respectively) sequence is slightly higher at 78%, sharing 451 and 77 
identical and similar positions respectively. Using hierarchical cluster analysis (HCA), a 
dendrogram was constructed to demonstrate the interspecies homology using an optimised 
MIP system (Figure 3.6).  
 
 
 
Figure 3.6 - A Hierarchical cluster analysis (HCA) Dendogram demonstrating successful interspecies 
homology using an optimised MIP system (50 mM Tris buffer pH 7.4) for both, serum albumin and 
haemoglobin of bovine, human and pig species.  
 
Considering the high similarities between the proteins, protein PAM based MIPs are able to 
successfully discriminate between them and provide a clear protein cluster for each species, 
with the exception that both, human and porcine are grouped in the case of both proteins. 
The above results indicate the possibility of these PAM MIPs possessing the ability of 
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distinguishing template proteins perhaps not just based on molecular weight or size 
separation, but also on the synergistic effect of shape memory/complementarity, and 
multiple weak hydrogen bonding interactions. Therefore, the shape, conformation, and/or 
amino acid composition of proteins continues to be an essential assertion to the recognition 
selectivity of imprinted gel polymers [50, 109, 110, 125].  
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Figure 3.7 - One site specific binding with Hill slope saturation profiles for BHb imprinted PAM MIPs. Specific 
binding was calculated by subtracting the amount of protein bound to the NIP from that bound to the MIP, 
based on the assumption that binding exhibited by the NIP is an estimation of non-specific, low affinity 
interactions. Curve fitting was carried out by non-linear least squares regression using a saturation binding - 
one site specific binding with Hill Slope equation in GraphPad Prism 6. Data represents mean ± S.D., n = 3. 
 
Figure 3.7 illustrates the degree of affinity a BHb PAM MIP holds towards HHb and PHb 
respectively using a saturation binding profile using one site specific binding with Hill Slope 
(h) Equation 3.3. Using the latter approach, concentrations of haemoglobin were varied to 
measure binding of each species. The dissociation constant values (Kd), the ligand 
concentration that binds to half the receptor sites at equilibrium, and Bmax, the maximum 
number of binding sites, (mol g-1 polymer) were determined (BHb: Kd = 184±23 µM, Bmax = 
582 µmol g-1; HHb: Kd = 246±26 µM, Bmax = 673 µmol g
-1; PHb: Kd = 276±31 µM, Bmax = 467 
µmol g-1). Hill coefficients (h) for all MIPs demonstrated positive cooperativity (h > 1) 
implying heterogeneous binding characteristics. Positive cooperativity also implies that the 
first protein molecules bind to the MIP polymer with a lower affinity than do subsequent 
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protein molecules. This is in agreement with previous postulations that MIP formation can 
generate heterogeneous template protein populations, i.e. free and clustered proteins, 
when imprinting at high concentrations, such as at 12 mg mL-1 herein [126].   
 
𝐾  (
B    X
 
Y
− X )
 
 
 
 
Equation 3.3 - The Hill equation describing the fraction of the macromolecule saturated by ligand as a 
function of the ligand concentration; it is used in determining the degree of cooperativeness of the ligand 
binding to the enzyme or receptor. If h equals 1.0 then binding with no cooperativity to one site is occurring; 
when it is greater than 1.0, then multiple binding sites with positive cooperativity is implied. The Hill slope is 
less than zero when there are multiple binding sites with different affinities for ligand or when there is 
negative cooperativity [126]. 
 
3.2.1.4 Metal-complex MIP Integration 
In this section, the feasibility of fabricating metal-coded MIPs for biomacromolecule 
recognition (namely, proteins), within PAM hydrogels is investigated. A chelating Co(II) 
complex was synthesised using a (E)-2-((2 hydrazide-(4-vinylbenzyl)hydrazono)methyl) 
phenol ligand comprising bifunctional vinyl groups purposefully chosen for co-
polymerisation within the PAM matrix (Figure 3.8). The characterisation of this complex has 
been reported according to [118]. Cobalt (Co) is one of the essential trace elements and 
plays a number of crucial roles in many biological functions such as in vitamin B12 for the 
formation of red blood corpuscles, and in nitrogen fixation by microorganisms in plants 
[127-129]. Hydrazones are also an important class of Schiff base compounds possessing 
pharmacological applications as antimicrobial, anti-inflammatory, and anti-tumoral agents 
[127]. Hydrazone compounds also display versatile behaviours in metal coordination and 
their biological activity is often increased by bonding to transition metals. One example is 
the biological activity of d-metal complexes of N-heteroaromatic hydrazones of 2-
pyridinecarboxaldehyde which are often higher in comparison to the corresponding free 
ligand [127-129].  
 
Iron(III) chloroprotoporphyrin (Hemin), vinylferrocene (VFc), zinc(II) protoporphyrin (ZnPP), 
and protoporphyrin (PP) were also investigated as additional functional group co-monomers 
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for enhanced template association and for their electrochemical activity. These complexes 
were chosen on the basis that metal ions in metalloporphyrin-based receptors can serve as 
Lewis acid sites to bind Lewis bases such as amines [97]. Thus, metalloporphyrin inclusion in 
hydrogel MIP systems would create additional interactions for template protein molecules, 
and ultimately could provide an essential redox centre in the development of 
electrochemical biosensors [3, 105, 106, 130-134]. In this section, the latter complexes were 
introduced into the MIPs as co-monomers (and/or cross-linkers) for metal-coding of the 
imprinted cavities for the selective recognition of the non-metallo proteins bovine serum 
albumin (BSA). The proposed metal-coded MIPs for protein recognition are intended to lead 
to unprecedented improvement in MIP selectivity and for future biosensor development 
that rely on electrochemical redox processes. The latter hypothesis will be later explored 
and demonstrated in section 5.2.2.2 below.  
 
 
Figure 3.8 - The introduction of a chelating Co(II)-complex into the polymerisation of acrylamide (AAm) and 
N,N’-methylenebisacrylamide (MBAm) cross-linker to form a metal functionalised polyacrylamide (PAM) 
matrix by free radical polymerisation (FRP); ammonium persulphate (APS) as initiator and 
tetramethylenediamine (TEMED) as catalyst. Constructed in ChemDraw 14 Std. 
 
Table 3.2 illustrates the rebinding capacities (Q) and imprinting factors (IF) of BSA using 
different MIP compositions at optimum metal complex concentrations (0.2 mM). The 
standard PAM MIPs (i.e. MIPs without metal) exhibited the lowest Q values of 3.2±0.5 mg g-1 
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(IF = 1.8±0.3). Whereas highest Q values of 5.7±0.4 mg g-1 and IF values of 14.8±1.9 were 
exhibited by Co(II)-complex-coded MIPs. This was closely followed by VFc-coded MIPs with 
Q values of 5.1±0.4 mg g-1 (IF = 8.4±1.2). Therefore, it is evident that the best imprinting 
effects of BSA rely on the presence of a metal-ion centre within metal-coded MIPs. The full 
effects, in terms of percentage specific binding, of metal complex inclusion at different 
concentrations (0 - 0.2 mM) in PAM hydrogels on BSA selectivity can be seen in Figure 3.9.  
 
Table 3.2 - Comparison of the different PAM hydrogel MIP compositions at 0.2 mM metal-complex 
concentration on the rebinding capacities (Q, mg BSA/g polymer) imprinting factors (IF), and percentage 
specific binding of BSA. Percentage specific binding was calculated using the amount of MIP protein binding 
subtracted from that binding in NIP, this value is then divided by the initial protein loaded concentration, i.e. 
[Ci – Cr]MIP - [Ci – Cr]NIP / Ci , where Ci and Cr are the initial protein and the recovered protein concentrations 
(mg mL
-1
) respectively. Data represents mean ± S.D., n = 3, % error also included. 
Polymer Q  (mg g-1) IF Specific Binding % 
MIP 3.2±0.5 (±16%) 
1.8±0.3 (±15%) 26±6 
NIP 1.8±0.5 (±27%) 
    
MIPPP 4.2±0.6 (±15%) 
1.9±0.2 (±8%) 34±5 
NIPPP 2.1±0.3 (±14%) 
    
MIPHemin 3.4±0.1 (±4% ) 
2.4±0.1 (±5%) 34±1 
NIPHemin 1.4±0.1 (±5%) 
    
MIPZnPP 4.7±0.2 (±5%) 
2.4±0.6 (±27%) 48±14 
NIPZnPP 1.9±0.3 (±20%) 
    
MIPVFc 5.2±0.4 (±7%) 
8.4±1.2 (±14%) 79±2 
NIPVFc 0.6±0.1 (±22%) 
    
MIPCo-complex 5.7±0.5 (±8%) 
14.9±1.9 (±13%) 92±1 
NIPCo-complex 0.4±0.6 (±17%) 
 
Protoporphyrin IX contains a tetrapyrrole ring structure, and could contribute to the MIP 
cavity by forming π-π stacking interactions with any number of exposed amino-acids 
containing aromatic groups, such as histidine or proline. VFc also has an aromatic ring that 
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can form similar interactions. Both the zinc(II) and iron(II)/(III) in the ZnPP, VFc and Hemin 
structures could further coordinate with BSA to form more specific recognition sites in the 
MIP polymer matrix. The same is true for the Co-complex, where the Co(II) is also able to 
coordinate its metal ion within the MIP matrix and can bind functional groups through the 
donation of electrons from the atoms of templates to the unfilled orbitals of the outer 
coordination sphere of the metal. It was not possible to compare the functionality of the (E)-
2-((2 hydrazide-(4-vinylbenzyl)hydrazono)methyl) phenol ligand in the MIP matrix with its 
counterpart Co(II)-complex due to a lack of solubility in the polymerisation stage. The 
immiscibility of the ligand ultimately lead to precipitation of BSA protein in the organic 
phase and inhibited the production of MIP polymers. Thus, from the enhanced affinities, it is 
plausible that the coordination metal ion electron acceptors, along with π backbonding, can 
complex with many of the protein backbone amino acid chain electron donors; numerous 
favourable interactions in turn occur by weak charge transfer interactions within these 
PAM-based MIPs. Additionally, this can lead to a more stable conformational compatibility 
between the protein template and the MIP cavity region.  
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Figure 3.9 - The effects of specific binding of BSA (%) in comparison to the inclusion of a range of different 
metal complexes at concentrations of 0 – 0.2 mM. Data represents mean ± S.D., n = 3.  
 
The nature and volume of the solvent/porogen also play an important role in the generally 
accepted two stage molecular imprinting process; firstly by single phasing the 
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polymerisation components, and secondly to regulate the macroporosity [135]. The 
hydrogel systems listed herein have roughly a 93% water composition. Water is a polar 
protic solvent with a low dipole moment (1.85 D). However, the incorporation of a small 
amount of an organic solvent (DMF) is reported here. DMF is a polar aprotic solvent with a 
high dipole moment (3.82 D), and could have adverse effects on the stability of the MIP in 
terms of BSA protein compatibility. Therefore, control studies including appropriate 
amounts of DMF in the MIP preparation were conducted to ascertain any interference 
within the imprinting process. Results showed no significant difference between a normal 
MIP (Q values of 3.2±0.5 mg g-1) and a MIP prepared in the presence of DMF (Q values of 
3.1±0.2 mg g-1). The pH value of the sorption solution plays an important role in the 
rebinding and selecting processes, and therefore a 50 mM Tris buffer pH 7.4 was selected 
for optimum rebinding [136]. 
 
Selectivity studies were also conducted to confirm the specificity of the imprinting effect by 
assessing the relative imprinting factor of cross-selective binding proteins. Therefore, based 
on the best imprinting effect exhibited by the Co(II)-coded MIP, the cross-selectivity was 
also tested using bovine haemoglobin (BHb), lysozyme (Lyz), and trypsin (Tryp). Figure 3.10 
illustrates the relative IF (k) for each of the latter proteins towards a BSA MIP. In terms of 
MW, the closest resemblance to BSA, is BHb; (BSA MW: 67.0 kDa, pI = 4.8; BHb MW: 64.5 
kDa, pI 6.8; Lyz MW: 14.4 kDa, pI 11.2; Tryp MW:  23.8 kDa, pI 9.3).  It can be seen from the 
data that for a BSA-MIP, BHb exhibits the closest selectivity to BSA (k = 0.64±0.07). Since the 
diameter of BHb and BSA are approximately 5.5 nm and 15.5 nm respectively, recognition is 
unlikely to be based on protein dimensional size. Based on the MW similarity, the molar 
ratio of AAm monomer to protein (4180:1) will be similar for both BHb and BSA. Therefore, 
a similar number of monomer molecules should be expected to interact with each protein 
molecule during cavity formation. When incorporating 0.2 mM of a di-vinyl functionalised 
metal complex into the polymerising matrix (to produce Co(II)-coded MIP), the Co-complex 
can act as an additional cross-linker during the polymerisation and so theoretically, it will 
also be present at the cavity albeit at a much smaller concentration (0.5%) compared with 
the main cross-linking agent, MBAm. Interestingly, in the presence of this Co-complex 
bound MIP, the cross-selectivity of the BSA-Co(II)-MIP towards BHb is reduced by a factor of 
2.5 (k = 0.2±0.1). It seems that the metal-complex modified MIP matrix is capable of forming 
more stable and importantly, a highly selective protein-polymer complex for the cognate 
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protein BSA. Li et al. also studied metal ion mediated enhancement of imprinting factor of a 
BSA MIP [136]. It was proposed that inclusion of a divalent ion such as Co2+ during 
polymerisation encouraged the formation of a BSA-Co(II) complex through Co ion 
interaction via both –COO- and/or N-terminus of BSA. Metal co-ordination via the protein 
was key to improving protein binding affinity. The method herein of integrating the metal 
centre as part of the polymer matrix offers the advantage of interrogating selective protein 
binding directly without the need for initial pre-treatment of the protein or MIP with a 
metal ion. 
 
  
Figure 3.10 - Relative imprinting factors (k) for a BSA-MIP and a metal-coded BSA-MIP using Co(II)-complex. 
Results illustrate higher MIP selectivities for template BSA in comparison to non-template analytes with 
significantly lower k values when using a Co(II)-MIP. Significance (*ρ < 0.05, **ρ < 0.01, ***ρ < 0.005) was 
calculated using an unpaired two-tailed Student’s t-test relative to template BSA, while significance 
between MIP and Co(II)-MIP samples was calculated using a paired two-tailed Student’s t-test. Data 
represents mean ± S.D., n = 3. 
 
3.2.1.4.1 Thermal Analysis 
Thermal analysis of polymer composites (total monomer concentration = 6% T,  w/v) using 
thermo-gravimetric analysis (TGA) and differential scanning calorimetry (DSC) reveal that 
PAM hydrogels have higher  thermal degradation in the presence of a metal ligand, and thus 
a lower ability to preserve water (Figure 3.11 A). The first thermal event occurs in the 
temperature range 25 - 210 °C, where all polyacrylamide samples present a mass loss 
ranging from 12% to 18% due to the evaporation of water. This attribute is a function of 
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polymer morphology and crystallinity [44]. TGA and derivative weight (% / °C) showed that 
both, the Co-complex and the VFc PAM hydrogels had lower temperatures for maximum 
weight loss (200 °C) than pure acrylamide (210 °C). Thermal degradation of the polymer 
hydrogels also followed the same trend whereby PAM reached a maximum of 410 °C, with a 
weight loss of 42% and both Co-complex and VFc PAM reached a maximum of 400 °C, with 
weight losses of 37% and 39% respectively.  
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Figure 3.11 - Thermogravimetric analysis (TGA) curves (A), and differential scanning calorimetry (DSC) 
thermograms (B), for the three types of polyacrylamide (PAM) hydrogels: in absence of any metal (PAM), in 
the presence of Co(II) complex (Co(II)-PAM), in the presence of vinylferrocene (VFc-PAM).  
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DSC thermograms reveal that the glass-transition temperature (Tg) of pure PAM was 76 °C, 
the result comparable with previous reports of 97 °C, concentration more than 8% [44] and 
70 °C, concentration less than 8% [137]. The inclusion of both, Co(II) complex and VFc 
however result in Tg values of 134 °C and 137 °C respectively (Figure 3.11 B). The miscibility 
of polymers can be judged by the properties of the solid state such as the Tg [44]. Lower Tg 
values indicate a more amorphous and flexible polymer backbone, whereas higher Tg values 
are indicative of more crystalline structures. Most notably, addition of metal complexes 
resulted in Tg values of 60 °C greater than that of pure PAM, hence suggesting improved 
macroporosity and polymer backbone stability. It is feasible that metal-coded MIPs can 
improve cavity stability via the substituted vinyl-group ligands in the complexes allowing 
them to act as cross-linkers and hence increasing the chain entanglement. 
  
3.2.2 Virus Imprinting  
3.2.2.1 MIP Optimisations 
One of the holy grails for the molecular imprinting community is to achieve binding affinities 
for MIPs that can be comparable to the high selectivity offered for instance in antibody-
antigen binding [1]. One example is the biotin-avidin interaction, which is renowned for 
having one of the largest dissociation constants of ≈ 1 fM [13]. This interaction is purely non-
covalent, but the strength of interaction comes from 15 amino acid residues on the avidin 
being in optimum positions to specifically interact with the vitamin, biotin; approximately 
half through hydrogen bonding interactions and the other half of the residues through 
hydrophobic interactions [13]. The high specificity is compounded by the flexibility of the 
protein to subtly change its conformation in order to lock into place upon biotin binding. 
This is quite a complex series of events which is made to look easy by such natural systems.  
 
Traditional MIPs are typically highly cross-linked systems and by virtue of their rigid 
structure are therefore unable to offer many degrees of freedom to allow similar capture 
and locking to take place [1, 47, 79]. However, hydrogel-based MIPs are able to swell and 
contract depending on solvent, ionic strength and the presence of other dissolved 
components in solution [35, 36]. If these parameters can be optimised to improve selective 
binding within MIPs compared to non-imprinted polymer controls, they could go some way 
in improving their reputation as biomimetic and antibody-like materials [14]. Herein, 
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polyacrylamide (PAM) is used as a model hydrogel; PAM offers unparalleled resolution and 
flexibility, as seen in polyacrylamide gel electrophoresis (PAGE), due to the uniform pore 
size which has led to its widespread use for the separation of proteins and nucleic acids [53]. 
In the PAGE community a standard nomenclature has been widely adopted to control pore 
size (nm) by modulating the concentrations of acrylamide (AAm) and N,N’-
methylenebisacrylamide (MBAm). The total percentage concentration (w/v) of AAm 
monomer and MBAm cross-linker is represented by T, and the cross-linking density (w/w), 
i.e. the ratio of AAm to MBAm, is represented by C. Thus, a 6% gel with either a 19:1, 29:1 or 
a 37.5:1 would correspond to T values of 6% and C values of 5%, 3.3% and 2.6% respectively.  
Control of the pore size of a PAM gel is accomplished by changing the T and C values. With 
increasing T, the pore size decreases in a nearly linear relationship, as seen in Figure 3.12. 
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Figure 3.12 - Theoretical polyacrylamide (PAM) gel pore size profile (nm) based on the variable relationship 
of percentages C and T, minimum pore size is illustrated when % C = 5% [53].   
 
Higher percentage T gels have smaller pores, and are used to separate smaller molecules. 
However, in relation to percentage C the minimum pore size occurs when C is about 5% (a 
19:1 gel). Decreasing C results in a more open pore structure because there are fewer cross-
linker molecules, whereas increasing C beyond 5% also increases the pore size. This appears 
to be due to the nonhomogeneous bundling of strands in the gel [53]. With this in mind, the 
imprinting of large-scale biomacromolecule pathogen templates, namely plant viruses of 
tobacco mosaic virus (TMV), red clover neurotic virus (RCNMV) and an M13KO7 
bacteriophage were investigated. TMV is group IV: (+)ssRNA, Helical: 300 nm long, 18 nm 
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diameter, 40 MDa [67, 138, 139]. RCNMV is group IV: (+)ssRNA, Icosahedral: 6 nm diameter, 
7 MDa [74, 120, 139]. M13KO7 bacteriophage is group II: (+)ssDNA, Complex: 880 nm long, 
6.6 nm diameter, 35 MDa [121]. Optimisation strategies involved assessing four different 
protocols comprising ten parameters initially using MilliQ water were carried out (Table 3.3). 
Of these were PAM gel compositions, in which three different gel densities were used, 6% T: 
10% C, 6% T: 5% C and 5% T: 5% C total monomer and cross-linking percentage densities 
respectively. Secondly, sieving size of 75 and 35 µm. Thirdly, initial pathogen imprint 
concentration  which was at 0.5, 1, or 3 mg mL-1 of TMV (12.5, 25 and 75 nM), RCNMV 
(71.43, 142.86 and 428.57 nM) and M13 (14.29, 28.57 and 85.71 nM). And finally two 
template elution strategies were adopted using both, an alkaline based and acid based 
elution of NaOH (pH 14) and a 10% ratio of surfactant SDS:AcOH (pH 3.2).   
 
Table 3.3 - Percentage (%) template removal from a tobacco mosaic virus (TMV) MIP using alkali and acidic 
elutions consisting of a total of 5 washes within a variation of gels (6:10; 6:5; 5:5 % T to % C respectively), 
sieving sizes (35 and 75 µm)  and initial template imprints. Percentage specific binding was calculated using 
the amount of MIP protein binding subtracted from that binding in NIP; this value is then divided by the 
initial protein loaded concentration, i.e. [Ci – Cr]MIP - [Ci – Cr]NIP / Ci , where Ci and Cr are the initial protein and 
the recovered protein concentrations (mg mL
-1
) respectively. Data represents mean ± S.D., n = 3. 
Initial imprint 
(mg mL
-1
) 
6% T: 10% C Gel 
 
6% T: 5% C  Gel  5% T: 5% C  Gel 
35 µm 75 µm 35 µm 75 µm 35 µm 75 µm 
Strategy 1: NaOH 1M (pH 14) 
0.5 45±9% 34±8% 22±9% 7±1% 38±5% 16±6% 
1 11±2% 16±7% 15±4% 16±3% 33±6% 54±39% 
3 8±1% 11±6% 6±1% 8±1% 7±2% 11±3% 
 Strategy 2: 10% SDS:AcOH (pH 3.2) 
0.5 57±5% 32±6% 28±5% 16±6% 47±8% 15±7% 
1 18±4% 78±6% 27±3% 10±2% 28±5% 16±3% 
3 28±3% 14±2% 10±3% 19±2% 12±3% 22±2% 
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Table 3.3 illustrates the resulting template removal as a percentage (%) using the later 
mentioned optimisation protocols. It was noticed that more than 70% of template TMV was 
eluted using a 6% T (w/v) and 10% C (w/w) gel densities, 75 µm sized particles, and an 
SDS/AcOH eluent (pH 3.2) strategy (TMV removal = 78±6%). However, rebinding capacities 
of 3.6±0.6 mg g-1 (≈ 80% rebinding efficiency) and imprinting factors of 5.2 (MIP/NIP ratio) 
were achieved using 35 µm sized particles (Figure 3.13); while the 75 µm sized particles only 
had an imprinting factor (IF) of 1.1 (MIP/NIP ratio). Selectivity tests were also conducted, in 
which an M13KO7 bacteriophage was used. While the IF is around 2.36 for the M13KO7, the 
rebinding capacity was quite low Q = 0.5±0.1, and thus the relative imprint factor (k) was 
around 0.4±0.1, meaning that the TMV MIP preferentially bound 8.8 times more TMV than 
M13KO7 (Figure 3.13). 
 
Figure 3.13 - Virus binding capacities (Q) for a TMV-imprinted MIP using 6 %T (w/v) and 10 %C (w/w) gel 
densities, 35 µm sized particles, and an SDS/AcOH eluent (pH 3.2) strategy, compared to a non-imprint (NIP) 
control. The TMV-imprinted polymer preferentially binds the cylindrical TMV virus over an M13KO7 
bacteriophage. Significance of MIP/NIP (**ρ < 0.01) was calculated using a paired two-tailed Student’s t-test. 
Data represents mean ± S.D., n = 3. 
 
3.2.2.2 Buffer Optimisations 
When protein imprinting, one often overlooked parameter is protein stability [10-12]. 
Conventionally, protein stability is achieved using lyophilisation, freezing and 
homogenisation techniques [15]. However in a MIP system, buffers offer a more attractive 
choice for sustaining biological molecules in their native state, and thus have been 
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extensively used in a range of chemical and biochemical assays.  In some cases, the assays 
make use of a solid support upon which a bio-recognition molecule (such as an enzyme or 
antibody) is immobilised. There have been recent studies that have focused on the effect of 
surface modifications and protein modifications on biomolecule stability [15,16]. For 
example, Wei [15] demonstrated that buffer type as well as buffer concentration can have 
significant effects on protein adsorption onto surfaces. It was suggested that at pH 7.4, 
protein sorption increased monotonically with a Tris buffer, while a PBS buffer induced 
negative sorption effects. This was attributed to the possibility of various phosphate ions 
competing to absorb with protein molecules [15]. Thus, in a bid to improve pathogen 
imprinting performance, both TMVNCSU and red clover neurotic mosaic virus (RCNMVNCSU) 
were imprinted within a variation of buffer preparations (MilliQ water, Tris buffer (pH 7.4) 
and buffer X (20 mM Tris pH 7.5, 150 mM KCl, 5 mM MgCl2, and 0.2 mg mL
-1 heparin)) using 
a 6% T (w/v) and 10% C (w/w) gel and 150 µm sized particles and again looking at two 
different eluting strategies. This was based on the fact that larger sized targets would 
benefit having larger sized particles.  
 
Table 3.4 - Percentage (%) template removal from a TMV and RCNMV MIP using alkali and acidic strategies 
consisting of a total of 5 washes within a variation of buffer preparations and conditionings using a 150 µm 
sieving size at 1 mg mL
-1
 initial template imprint. Data represents mean ± S.D., n = 3. 
Template 
NaOH 1M (pH 14) 
 
10% SDS:AcOH (pH 3.2) 
MilliQ water 
Tris Buffer 
(pH 7.4) 
Buffer X 
(pH 7.4) 
 
MilliQ water 
Tris Buffer 
(pH 7.4) 
Buffer X 
(pH 7.4) 
TMV 66±20% 70±21% 59±31% 
 
90±21% 94±19% 77±10% 
RCNMV 81±22% 44±11% 86±14% 
 
97±33% 80±29% 95±12% 
 
Table 3.4 above illustrates the resulting template TMV and RCNMV removal as a percentage 
(%) using the latter mentioned buffer optimisation protocols across both elution strategies. 
It was noticed that more than 90% of both templates were eluted using the acid/surfactant 
strategy. Following this, MIP selectivity was accessed across the buffers (Figure 3.14) using 
the 10% SDS:AcOH (pH 3.2) as it demonstrated superior template removal capabilities. 
Moreover, the gels were noted to be harder to handle as they swelled exponentially when 
exposed to the alkali NaOH solution.  
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Figure 3.14 - Virus binding capacities (Q) for TMV-imprinted and RCNMV-imprinted MIPs using 6% T (w/v) 
and 10% C (w/w) gel densities, 150 µm sized particles, and an SDS/AcOH eluent (pH 3.2) strategy, compared 
to non-imprint (NIP) controls. Significance of MIP/NIP (*ρ < 0.05, **ρ < 0.01, ***ρ < 0.005, ****ρ < 0.0001) 
was calculated using a paired two-tailed Student’s t-test. Data represents mean ± S.D., n = 3. 
 
It was observed that both, TMV and RCNMV had higher affinity for their respective 
templates using buffer X (pH 7.4) as a medium, rebinding capacities of 4.7 mg g-1 (≈ 82% 
rebinding efficiency) and imprinting factors of 46±3 (MIP/NIP ratio) and 2.8 mg g-1 (≈ 69% 
rebinding efficiency) and imprinting factors of 26±2 (MIP/NIP ratio) for TMV and RCNMV 
respectively  using 6% T (w/v) and 10% C (w/w) gel densities. Investigations into the 
composition of buffer X (20 mM Tris pH 7.5, 150 mM KCl, 5 mM MgCl2, and 0.2 mg mL
-1 
heparin) were also conducted to asses which aspect of the buffer had the most significance 
on the imprinting efficacy for TMV as a model virus pathogen (Figure 3.15). Buffer X has 
three major components; firstly a Tris buffer (pH 7.4) comprising both, tris(hydroxymethyl)-
amine (Tris-base) and tris(hydroxymethyl)-amine hydrochloride (Tris-HCl) at 20 mM. 
Secondly some KCl and MgCl2
 salts at a total of 155 mM, and finally 0.2 mg mL-1 heparin. 
Heparin is a highly sulphated glycosaminoglycan widely used as an injectable anticoagulant, 
and has the highest negative charge density of any known biological molecule. The most 
common disaccharide unit is composed of a 2-O-sulfo-α-L-iduronic acid and a 2-deoxy-2-
sulfamido-α-D-glucopyranosyl-6-O-sulfate, see Figure 3.15 inset. 
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Figure 3.15 - Virus binding capacities (Q) for TMV-imprinted MIPs using 6% T (w/v) and 10% C (w/w) gel 
densities, 150 µm sized particles, and an SDS/AcOH eluent (pH 3.2) strategy, compared to non-imprint (NIP) 
controls across different buffer compositions. Significance of MIP/NIP (****ρ < 0.0001) was calculated using 
a paired two-tailed Student’s t-test. Data represents mean ± S.D., n = 3. Inset: structure of heparin (MW ≈ 12 
- 15 kg mol
-1
), constructed in ChemDraw 14 Std.  
 
It appears that excluding the heparin from buffer X has negative effects, interestingly on 
both, MIP and NIP, while assessing heparin on its own at 0.2 mg mL-1 further reduces any 
imprinting effect. Moreover, both, MilliQ water and Tris buffer (20 mM, pH 7.4) also have 
adverse effects, where water allows for an unfortunate uptake in both MIP and NIP (Q = 
5.7±0.4 and 4.3±0.3 respectively). This variation in buffer X breakdown is possibly due to a 
decrease of the ionic strength within the MIP when loading without the buffer X 
combination and suggests that the loading stage is more crucial in affecting selectivity than 
either the preparation or the conditioning stages. This shift is possibly causing an expansion 
in the gel during the loading phase due to the simultaneous movement of buffer ions out of 
the gel, and water and template into the gel. The movement of water into a gel (by osmosis) 
to decrease the ionic strength within the gel is a well-documented phenomenon [18]. The 
osmotic pressure of the gel is a function of the salt present within the gel and varies with 
the nature of the salt in the order of the lyotropic series. The lyotropic series is a 
classification of ions in order of their ability to salt out (dissolve) or salt-in (precipitate) 
proteins and hydrogel polymers [33]. While early members of the series such as phosphate 
decrease the solubility of non-polar molecules and cause salting out, later members in the 
series increase the solubility of non-polar molecules (salting-in) the driving force for water 
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diffusion into the gel is the concentration gradient of phosphate ions within the gel and 
outside the gel.  It is likely that during this state of dynamic macro and nano-structural 
change in the MIP due to ingress of water, the protein although in the native state is unable 
to significantly bind with the selective cavities in the MIP. Based on these findings it was 
decided that the buffer X had superior imprinting capacities and a comparison between the 
two eluting strategies was carried out (Figure 3.16). 
 
 
 
Figure 3.16 - Virus binding capacities (Q) for TMV-imprinted and RCNMV-imprinted MIPs using 6% T (w/v) 
and 10% C (w/w) gel densities, 150 µm sized particles, and conditioning with buffer X, compared to non-
imprint (NIP) controls. Significance of MIP/NIP (**ρ < 0.01, ****ρ < 0.0001) was calculated using a paired 
two-tailed Student’s t-test. Data represents mean ± S.D., n = 3. 
 
Again as the Buffer X and 10% SDS:AcOH (pH 3.2) strategy demonstrated its superiority in 
assisting the imprinting affect further selectivity studies comparing two samples of TMV 
(NCSU and Canada), RCNMV and M13KO7 bacteriophage (Figure 3.17) for both, TMV and 
RCNMV-based MIPs were conducted under these conditions. It can be seen that both, the 
TMV-imprinted (A) and RCNMV-imprinted (B) MIPs preferentially bind their respective 
templates. For the TMV-imprinted MIP the cylindrical TMV is preferred over the spherical 
red clover necrotic mosaic virus (RCNMV) and a complex M13KO7 bacteriophage. While the 
M13KO7 IF is around 2.4±0.1, the rebinding capacity was quite low Q = 0.4±0.1, and thus the 
relative imprint factor (k) was around 0.2±0.1, meaning that the TMV MIP preferentially 
bound 38.8 times more TMV than M13KO7, and around 25.5 times more in RCNMVs case. 
Interestingly TMV-imprinted MIP also has a higher recognition for its place of origin, where 
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TMV samples from both NCSU and Canada were compared, while NCSU sourced TMV had 
binding capacities of 4±1 mg g-1 (≈ 85% rebinding efficiency) and imprinting factors of 45.2 
(MIP/NIP ratio) Canadian sourced TMV was observed to have a reduced binding capacity of 
1.52±0.06 mg g-1 on a NCSU TMV MIP.  
 
 
 
 
Figure 3.17 - Virus binding capacities (Q) for TMV-imprinted (A) and RCNMV-imprinted (B) MIPs using 6% T 
(w/v) and 10% C (w/w) gel densities, 150 µm sized particles, and an SDS/AcOH eluent (pH 3.2) strategy and 
buffer X conditioning, compared to non-imprint (NIP) controls. Both the TMV-imprinted and RCNMV-
imprinted MIPs preferentially bind their respective templates. Significance of MIP/NIP (**ρ < 0.01, ****ρ < 
0.0001) was calculated using a paired two-tailed Student’s t-test. Data represents mean ± S.D., n = 3. 
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3.3 Summary 
Hydrogel-based MIPs have been characterised for their imprint efficiency using 
spectrophotometric techniques to determine rebinding capacities (Q, mg g-1) and relative 
imprinting factors (IF) based on the type of polymer, template imprint (both protein and 
pathogen) at varying concentrations, buffer conditions and initial template imprinting 
concentrations. Selectivity, specificity and affinity have all been tested using numerous 
techniques; one example exhibited the successful discrimination between two key proteins, 
namely, hemoglobin (Hb) and serum albumin (SA) of similar MW across three different 
species, namely porcine, bovine and human using pattern recognition based chemo-metric 
techniques consisting of multivariate analysis such as principle component analysis (PCA) 
and linear discriminant analysis (LDA). Moreover, iron(III) chloroprotoporphyrin (Hemin), 
vinylferrocene (VFc), zinc(II) protoporphyrin (ZnPP) and protoporphyrin (PP), along with a 
bespoke cobalt Co(II) complex were introduced into hydrogel-based PAM MIPs as co-
monomers for metal-coding of a BSA protein imprint. It was concluded that metal-coded 
PAM MIPs exhibited higher BSA binding and selective capacities. Optimum polymer 
compositions were further characterised by thermal analysis, suggesting that higher MIP 
efficiencies could be due to improved polymer backbone stability and macroporosity with Tg 
values of around 60 °C higher than that of pure PAM. Specifically, Co(II)-coded MIPs had the 
highest binding capacity (Q) values of 5.7±0.4 mg BSA/g polymer and IF values of 15±2. 
Additionally, it was proposed that the metal itself is contributing to favourable π bonding 
interactions with the protein.  
 
3.4 Further Development 
3.4.1 MIP Variations 
In the latter protein MIP studies, total gel percentage densities (% T) have been consistent 
at 6% T, AAm/MBAm (w/v); 8.5% T, NHMA/MBAm (w/v); 9.5% T, NiPAm/MBAm (w/v), and 
final cross-linking densities (% C) were at 10% C (9:1, w/w) for all hydrogels. At these 
densities, molar ratios of monomer to template, and cross-linker to template BHb protein 
for example were at 4086:1 and 209:1, 296:1, 331:1 for PAM, PNHMA, and PNiPAm gels 
respectively. However, regarding the imprinting of myoglobin (Mb, 17,5 kDa) and catalase 
(Cat, 250 kDa) in PNHMA, PNiPAm and PAM gels, respective 15% and 5% C were also 
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investigated and showed more efficient at template imprinting than the standard 10%. A full 
investigation into % C and % T, dependant on protein MW, size and metallo/non-metallo 
properties for optimum protein/pathogen imprinting efficiency is necessary to further 
optimise HydroMIP preparation procedures. Recent studies (2012) by Kryscio et al. 
demonstrated that conformational stability of labile biomacromolecules is one of the main 
factors that prevent the direct extension of successful procedures from the small molecule 
regime [79, 140, 141]. Using circular dichroism, it was illustrated that frequently employed 
monomers and cross-linkers, such as the ones used herein, induced significant changes in 
the secondary structures of Lyz and Hb at far lower molar ratios of monomer to template 
and cross-linker to template than ratios demonstrated in this work. The hypothesis is that 
changes in template structure prior to polymerisation could lead to binding sites formed 
during polymerisation to be specific to this alternate conformation and not the native 
biological template.  
 
3.4.2 Alternative Polymers 
So far three monomers have been used AAm, NHMA and NiPAm using only MBAm as a 
cross-linker to form PAM, PNHMA and PNiPAm hydrogels respectively. While PAM, and co-
polymers thereof, is relatively non-toxic as it cannot undergo the toxic mechanism the AAm 
monomer does, concerns have been raised that PAM used in agriculture may contaminate 
food with acrylamide, a known neurotoxin [142-151]. As such, AAm itself raises numerous 
serious health and safety issues such as mutagenicity, chromosome damage, neurotoxicity, 
skin sensitisation and carcinogenicity. Thus, further optimisations could involve investigating 
a variety of different monomer and cross-linker variations and combinations. Alternative 
and readily used cross-linkers that vary the physical or chemical gel properties could include 
for example, N,N'-bisacrylylcystamine (BAC), and N,N'-diallyltartardiamide (DATD). BAC and 
DATD are both disruptable cross-linkers which enable gels to be solubilised. These 
alterations in cross-linkers will in turn alter the polymer matrix and therefore could have an 
impact on protein/pathogen imprinting efficiency [2, 30]. A list of possible monomers and 
cross-linkers in varying functional groups, hydrophobicity and chain lengths are provided in 
Table 3.5. The MW and respective chain length presumably would play an intricate role in 
the creation of pore size within the polymer MIP matrix alone with the stability of the entire 
polymer architecture.  
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Table 3.5 - Alternative functional monomer and cross-linker possibilities for the formation of acrylamide-
based polymer hydrogels, including molecular weight (g mol
−1
)
a 
and organic chain length
b
 [30]. 
 Nomenclature Structure MWa  OCLb 
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n
ct
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n
al
 m
o
n
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s 
Acrylamide (AAm) 
 
71.1 4 
N,N-Dimethylacrylamide (DEA) 
 
99.1 5 
N-(Hydroxymethyl)acrylamide (NHMA) 
 
101.1 6 
N-Iso-propylacrylamide (NiPAm) 
 
113.1 6 
N-[Tris(hydroxymethyl)methyl] acrylamide 
(TrisHA) 
 
175.2 7 
2-Acrylamido-2-methyl-1-propanesulfonic 
acid (AMPS) 
 
207.2 8 
(3-Acrylamidopropyl)trimethylammonium 
chloride  (APTAC) 
 
206.7 9 
A
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e 
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N,N'-Methylene-bis-Acrylamide (MBAm) 
 
154.2 9 
N,N'-(1,2-dihydroxyethylene)bis-
acrylamide  (DHEBA) 
 
200.2 10 
1,4-Bis(acryloyl)piperazine (BAP) 
 
194.3 10 
1,4-Diallylpiperazine (DAP) 
 
166.3 10 
N,N'-diallyltartardiamide (DATD) 
 
228.2 12 
N,N'-bisacrylylcystamine (BAC) 
 
260.4 14 
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Moreover, other advanced polymeric materials that rely on the use of non-toxic monomers 
such as 2-hydroxyethyl methacrylate (HEMA) and/or silica-based sol-gel composites could 
be investigated. HEMA is one of the most widely used polymers for hydrogels, its soft, 
flexible, and water-absorbing plastic properties have been ideal for soft contact lenses [102, 
152]. HEMA hydrogels have been described as biocompatible, and have been found to 
absorb proteinaceous materials and can adhere to cells [152-154]. This is due to the 
increased area created by the size, and shape of the HEMA polymeric fibres swelling 
capacities, and controlled release rate creating a constantly healthy equilibrium when 
applied to natural tissue. A particular study used HEMA hydrogels absorbed with active 
ingredients that are applied to human tissue, such as humectants and proteins [152]. HEMA 
was found to absorb approximately 28% to 80% hydrophilic and hydrophobic fluids. This 
may promote rapid in-growth of cells and capillaries when HEMA gels are applied to tissue 
mass for long periods of time.  
 
In contrast, sol-gels are mixed inorganic-organic silicone polymers consisting of an inorganic 
silicon-oxygen backbone with attached organic (carbon, hydrogen and oxygen) side groups. 
Silicones are inert, synthetic compounds with a variety of forms and uses, including silicone 
oil, silicone grease, silicone rubber, and silicone resin [155]. Sol-gels have been extensively 
studied and are particularly suitable for effective MIP design, synthesis and biocompatibility 
[155-163]. As such, they are capable of nano-selectively recognising biomolecules within 
medicine, food, and the environment; and are rapidly earning worldwide attention due to 
their versatility and directness in synthesising inorganic ceramic materials at low 
temperatures and mild conditions [155-163]. These materials classified under sol-gel 
technologies have found numerous applications in different fields, such as the glass industry, 
ceramics, and thin films, different biological and chemical sensors. There are some inherent 
features of sol-gel materials that make them a promising tool for sensing applications. High 
purity, homogeneity, controlled porosity, nano-scale structuring and the flexibility of 
incorporating organic moieties are some of the most remarkable features offered by this 
method for generating highly sensitive and selective matrices to incorporate analyte 
molecules [155, 158].  
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3.4.3 MIP Characterisation  
MIP particles could be characterised using dynamic light scattering (DLS), atomic force 
microscopy (AFM), contact angle (CA) analysis, and scanning electron microscopy (SEM). DLS 
is a technique used to determine the size distribution profile of small particles in suspension. 
AFM is a type of scanning probe microscopy, and is extensively used to acquire 
topographical data from the surface of a material to construct a 3-D image. SEM is an 
imaging technique in which the surface of a sample is scanned using a high-energy electron 
beam to scan the surface in a raster scan pattern. These techniques could provide a varied 
characterisation of the MIPs in terms of particles size and distribution, swelling factors and 
cavity formations. Of interest will be to verify the integrity of the formed voids (template 
selective cavities). The affinity and binding strength of the formed imprints will be assessed 
through placing the slurry within a syringe housing and determining the retention of added 
target followed by elution. 
 
Additionally, the metal-complex integrated MIP study could be expanded to encapsulate 
other transition metal complexes in order to develop a better understanding of the metal 
(complex)-MIP-protein interactions leading to optimised binding capacities. These metal-
coded MIPs also readily lend themselves for electrochemical interrogation and hence future 
protein/pathogen biosensor development. 
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4    Chapter Four 
QCM Biosensor Applications 
 
4.1 Introduction 
Biosensors for proteins are currently expensive to develop because they mainly require the 
use of expensive antibodies *2, 3+.  However, as MIPs are becoming more promising as viable 
alternatives to natural receptors new MIP-based sensor strategies are being developed *2+. 
The main advantage of biosensors is the ability to sample outside the laboratory 
environment with minimal user input. One important part of bio-sensing is transducers, 
which monitor the reaction between bio-selector and analyte. Among various physical 
transducers (electrochemical, peizoelectric etc.), mass sensitive devices such as surface 
acoustic wave (SAW), surface plasmon resonance (SPR) and quartz crystal microbalance 
(QCM) have become popular for sensing applications *86-89+. QCM is primarily an ultra-
sensitive mass sensing device that relies on acoustics with the ability to measure mass 
changes as low as 1 μg cm-2 in real-time (approximately 100 times more sensitive than a 0.1 
mg electronic fine balance) *164, 165+. In most cases quartz resonators are integrated to 
oscillator circuits to form a QCM. The principle is that if a rigid layer is evenly deposited on 
one or both of the quartz discs, the resonant frequency will decrease proportionally to the 
mass of the adsorbed layer according to the Sauerbrey equation (Equation 4.1) *164, 165+.  
 
   −
   
 
  √    
   −       (4.1) 
 
            −  
 
 (
    
     
)       (4.2) 
 
Equation 4.1 and 4.2 – The Sauerbrey equation, and the Kanazawa and Gordon equation respectively. Δf is 
the frequency change (Hz), f0 is the resonant frequency (Hz), Δm is the mass change (g), A is the 
piezoelectrically active crystal area (0.196 cm
2
), ρq is the density of quartz (ρq = 2.65 g cm
-3
), μq is the shear 
modulus of quartz (μq = 2.95x10
11
 g cm
-1
 s
-2
), ρl is the density of the liquid and ηl is the viscosity of the liquid. 
This results in Cf, the sensitivity factor, having a value of 0.933 Hz ng
-1
 for a 9 MHz crystal [164, 165].  
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However, this was developed for oscillation in air and only applies to rigid masses attached 
to the crystal [87, 88]. It has been shown that QCM measurements can be performed in 
liquid, in which case a viscosity decrease in the resonant frequency will be observed and is 
given by the Kanazawa and Gordon equation (Equation 4.2) [87, 88]. Normally an equivalent 
circuit model is fitted to the impedance curve, and the obtained parameters can be used for 
calculating the resonant frequency and dissipation of the quartz crystal i.e. mass and 
viscoelastic properties of the deposited layers [87, 88]. Determining the impedance curve 
has many advantages, first and foremost it has expanded the range of measurable 
parameters from rigid thin films, to biologically relevant films of "soft" viscoelastic material. 
These QCM couplings have widely been used for biomaterials and biosensor studies where 
surface confined bio-molecular interactions have provided an insight on dissolution of 
polymer coatings, DNA hybridisation, cell response to pharmacological substances, and 
molecular interactions of drugs and their delivery [7, 78, 88, 166, 167]. The QCM has also 
been utilised as an immunosensor, where analytes are recognised by antibodies which are 
immobilised on a thin layer on the crystal surface. Resulting mass changes are transformed 
into an electronically measurable quantity. The objective behind the majority of QCM 
research is to use biosensor technology to develop a rapid method for the measurement of 
bio-molecular affinity reactions, and an in-depth analysis of electrochemical deposition, 
adsorption and reaction mechanisms of polymers coated on electrodes as ‘thin films’ [7, 78, 
166-168]. The QCM has progressively become a useful tool in the arsenal of instruments 
used by analysts, primarily due to its ability to give information regarding thin-film mass 
deposition on the surface [7, 167]. QCM sensing technologies modified with MIPs have also 
demonstrated implications for the development of rapid protein diagnostics indicative of for 
example, cancer and cardiac disease states [7]. 
 
Thus, the focus of this chapter is the tailoring and modification of QCM electrode surfaces 
(i.e. specialised physisorbed polymer coatings), so that these devices can determine 
proteins for bio-sensing and surface-molecular interaction studies. Herein, the application of 
the QCM technique to distinguish between the behaviour of MIPs and NIPs in the presence 
of cognate and non-cognate proteins is investigated. Bovine haemoglobin (BHb, 64.5 kDa) 
was chosen as a model protein for its well-known function in the vascular system as a carrier 
of oxygen, also in aiding the transport of carbon dioxide and regulating blood pH [2, 3]. 
Bovine serum albumin (BSA, 66 kDa),  a non metalloprotein of similar MW to BHb, served to 
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test MIP selectivity compared to its native BHb template, and was compared across a family 
of acrylamide-based polymer hydrogels, see section 2.3.  
 
4.2 Results and Discussion 
4.2.1 Bulk ‘thin-film’ QCM Investigations  
Bulk thin film BHb MIPs were prepared on the surface of a QCM chip and the sensor was 
exposed sequentially to MilliQ water, 10% SDS:AcOH (w/v) and template and non-cognate 
protein solutions at RT (22±2 °C). MIP thin films on sensor chips with an average thickness of 
138±9 nm have previously been reported using this technique of applied pressure (2 kPa) 
*4+. It should also be noted that AT-cut QCM pieces of 9 MHz fundamental resonance with 
gold-on-chrome electrodes (5 mm diameter, surface area: 0.196 cm2) and a 3 micron finish 
(theoretical mass sensitivity: 5.458 ng Hz-1 cm2) were used. Given that for a 9 MHz crystal the 
shear wave decay length is 250 nm at RT *165+, this is theoretically well within the sensing 
region of the QCM to measure both, bulk and surface effects within the MIP film.  
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Figure 4.1 - QCM impedance (ΔZ) (A) and frequency shift (Δf) (B) response to the elution (SDS/AcOH 10% 
w/v) of imprinted BHb template in a PAM-BHb hydrogel thin-film over a course of 15 min (T=900s). 
 
Figure 4.1 above shows the QCM impedance (A) and frequency (B) responses of a PAM BHb-
MIP following immersion in a solution of 10% SDS:AcOH (w/v) in order to remove imprinted 
BHb protein, primarily from the surface of the polymer, but also from within the bulk of the 
thin film gel. Since there is a significant shift in both resonance frequency and impedance it 
can be assumed that some of the BHb imprinted template has been successfully removed 
A B 
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from the MIP. Changes in the series resonance frequency were found to be highly dependent 
on the test solution used. It can be seen that MIP thin-films exposed to a 10% SDS:AcOH 
(w/v) solution exhibited an immediate significant decrease in impedance (Z), this is possibly 
due to the increase in the viscosity of the solution caused by the presence of SDS micelles in 
the solution.  
 
Previous investigations have shown that the positively charged protein attaches to the 
negative surface of the micelle structure in which the polypeptide is wound around SDS 
micelles *34+. Therefore it is plausible that some BHb was effectively denatured and 
removed from the MIP surface. It can be seen that the impedance data is much more stable 
and more distinctive to characterise, each solution phase immersion is independent of the 
next, and a clear distinction between them is easily recognisable. It is worth noting the two 
distinct differences in the impedance response when compared with the frequency 
response. Firstly, the impedance response has much reduced noise in the signal in contrast 
to the frequency response. Secondly, there are significant additional transitions (e.g. at 350 
and 650 seconds) in the signal which are being observed in the Z response, but not in the 
frequency response. It has been suggested that whereas the frequency response 
predominately demonstrates the QCM mass response only within an ad-layer, the electrical 
impedance gives a combination response of the mass effect as well as subsequent changes 
in the viscoelasticity of the ad-layer possibly due to molecular relaxations within the 
adsorbed layer over a longer timescale following initial immersion *164, 165, 169+. After 
subsequent stabilisation of the QCM response, the template BHb was then reloaded by 
immersing the QCM in 0, 1, 2 and 3 mg mL-1 BHb solutions and the response trace was 
recorded. Figure 4.2 compares the final QCM impedance (A) and frequency (B) responses to 
cognate BHb exposure of a PAM MIP and its corresponding NIP. It can be seen that upon 
addition of a 3 mg mL-1 BHb solution to the PAM BHb-MIP significant changes in impedance 
(52±5 Ohms) and frequency (1800±50 Hz) compared to NIP thin-film hydrogels are observed. 
Unfortunately no response was recorded at 1 or 2 mg mL-1. This suggests that MIP thin-film 
gels are affected by specific binding of target BHb only at high concentrations (3 mg mL-1). 
The NIP gels having an overall negligible response, which implies that the NIP gels did not 
recognise the target BHb. Again this was to be expected given that there was no original 
affinity or specific binding of BHb. Thus, less BHb would be able to interact with the NIP as a 
result of having no specific cavities. This distinct difference between responses exhibited by 
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MIP and the distinguishable NIP control concluded that binding and elution of target protein 
gave rise to distinct impedance transitions. The frequency shift of 200±50 Hz observable by 
both MIP and NIP during the initial loading step is suggestive of a solution viscosity effect. 
Real-time impedance response following sequential immersion in solutions of BHb, 10% 
SDS:AcOH (w/v) and BSA were also measured. Three distinct types of responses were 
observed depending on the acrylamide-based monomer used. The key difference between 
the polymers is their hydrophilicity dictated by the hydrophilic hydroxyl group in NHMA and 
the hydrophobic isopropyl group in NiPAm. AAm sits between the two in degree of 
hydrophilicity (NHMA > AAm > NiPAm), which agrees with the order of best performance of 
the polymers as BHb MIPs in previous QCM studies *7+.  
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Figure 4.2 - QCM impedance (ΔZ) (A) and frequency shift (Δf) (B) response to BHb at 3 mg mL
-1
 loading onto a 
BHb imprinted PAM hydrogel thin-film over a course of 1 hr (T = 3600 seconds). 
 
Previously, it was illustrated in section 3.2.1.1 that rebinding capacities (Q) from 
spectroscopic studies were highest for bovine haemoglobin (BHb) MIPs based on PAM 
followed by PNHMA then PNiPAm, relative selectivities for non-template proteins (< 30±5%), 
with the exception of bovine serum albumin (BSA, > 76.5±0.5%) were also demonstrated by 
PAM. Despite the latter trends, when applied to the QCM sensor as ‘bulk thin-film’ MIPs, 
PNHMA MIPs were found to exhibit best discrimination between MIP and non-imprinted 
control polymer (NIP) in the order of PNiPAm < PAM < PNHMA. At 3 mg mL-1, the QCM gave 
frequency shifts of 1800±50 and 2000±50 Hz for template BHb rebinding in both, PAM and 
PNHMA MIPs respectively, whereas PAM MIPs exhibited an interference signal of 2200±50 
A B 
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Hz for non-cognate BSA in comparison to a 500±50 Hz shift with PNHMA MIPs. Interestingly, 
at 3 mg mL-1 the PNiPAm MIP and NIP both show a near zero frequency response to 
template BHb and non-cognate BSA, indicating that PNiPAm is equally unselective for both 
proteins as is the control non-imprinted polymer. The non-response of PNiPAm to either BHb 
or BSA suggests that there is a resistance of either protein to bind to the polymer. The 
striking difference in selectivities between cognate and non-cognate proteins for PNHMA 
and PAM suggests that the hydroxyl group in PNHMA plays a significant role in the selective 
binding of BHb and the lack of binding of BSA.  
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Figure 4.3 - QCM impedance responses (ΔZ) of functionalised acrylamide-based (PAM, PNHMA and PNiPAm) 
BHb MIPs to non-cognate proteins thaumatin (Tha), lysozyme (Lyz), and trypsin (Tryp) at 3 mg mL
-1
 after an 
SDS:AcOH elute and MilliQ water washes at 5 min each.  
 
Further studies to interrogate the recognition capabilities of MIPs were carried out using a 
range of non-mettallo proteins chosen for their different sizes and functionalities compared 
to BHb. Figure 4.3 above shows that the BHb-MIPs based on all three polymers (PAM, 
PNHMA, and PNiPAM) are essentially non-responsive to the addition of thaumatin (Tha – 20 
kDa), lysozyme (Lyz - 14.7 kDa), and trypsin (Tryp - 23.3 kDa). An average NIP response was 
calculated based on all three polymers and used as an illustration to demonstrate the 
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negligible responses exhibited by the MIP selectivity as opposed to just a polymeric layer 
effect. It can be seen however that there is a small decrease in impedance when Tryp is 
introduced to the MIPs. As this did not occur in the case of NIPs, it could therefore be 
suggestive of Tryp acting as an enzyme, i.e. its ability as a digest protein, and thus further 
cleaving any accessible protein remaining on the surface [34]. The negligible responses 
exhibited by the QCM sensor concur with the qualitative data and confirm that these small 
proteins exhibit little selectivity towards a BHb-imprinted MIP.  
 
4.2.2 Electrochemically-induced MIP (E-MIP) Investigations 
In quest of better performance, sensitivity and detection limits lower than 3 mg mL-1, 
alternative means of depositing or coupling the polymer MIP/NIP thin-films onto QCM 
surfaces were investigated. In the previous section bulk MIP preparation was achieved via a 
vinyl addition free radical polymerisation (FRP) of polyacrylamide (PAM) using an equimolar 
ratio (≈ 8.7 mM) of ammonium persulphate (APS) and N,N,N’,N’-tetramethylethyldiamine 
(TEMED). The average thickness, using applied pressure (2 kPa), was in the region of 138±9 
nm [4]. In this instance FRP produces ‘linear’ strings of monomer units by a chain reaction 
started by free radical initiators (Figure 4.4 I). This has three distinct stages: initiation, 
propagation and termination as previously described in chapter one (Equation 1.1 to 1.3, 
respectively). APS spontaneously decomposes to form free radicals (homolysis), while 
TEMED, through its ability to accelerate the rate of formation of free radicals, acts as a 
catalyst for the polymerisation. The enthalpy of PAM polymerisation ≈ 63 kJ mol-1 in 
aqueous solution and is exothermic; this has been of interest because the rate constant (kp) 
for the propagation reaction is unusually large (120 - 150 kJ mol-1) whereas kp values for 
both, termination and the transfer processes (to monomer, to solvent) are very low (8 - 20 
kJ mol-1) [53, 137, 146, 170, 171]. As a consequence very long chains (high degrees of 
polymerisation) are created. Conversion of monomer to polymer is nearly complete within 
half an hour, not only because kp is large but also because the rate of generation of free 
radicals which start the copolymerisation is made large by the use of a redox pair of 
initiators. Thus, without the pair, free radicals would be produced at a much lower rate, and 
the other (TEMED) by itself would not generate any radicals [13, 14]. In an equimolar 
initiator/catalyst such as described here the polymer chain length can easily be reduced by 
increasing the concentration of redox-active initiator. 
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Figure 4.4 - Mechanisms for the free radical polymerisation (FRP) process for the synthesis of polyacrylamide 
(PAM) in both the thermal degradation/dissociation of persulfate in the aqueous phase (I) and the 
formation of radical anions at the cathode (II). Constructed in ChemDraw 14 Std [172]. 
 
In this section however, free radicals are electrochemically induced/generated by an 
electron transfer from the cathodic substrate (working electrode) to a redox-active 
(reduction-oxidation) initiator, i.e. the reduction of peroxydisulfate to form radical anions at 
gold working electrodes, hence forming PAM thin films adhered to QCM crystal surfaces [42, 
170, 171]. With the latter technique numerous properties can be controlled, such as the 
thickness of the layer, the degree of swelling, and the lateral layer homogeneity, all of which 
can be adjusted by varying the time of polymerisation, concentration and chemical nature 
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of the supporting electrolyte, concentration of both monomer and cross-linker, and the 
addition of chain transfer agents [42, 45, 59, 105, 130, 168, 170, 171, 173, 174]. Thicknesses 
of around 25±8 nm polymer layers have been reported with this type of surface deposition 
at around 0.3 M supporting electrolyte concentration [100, 105, 170, 175, 176]. A 
comparison of the two methods of free radical generation, thermal homolytic dissociation 
and radical anion formation at cathode substrates, along with the corresponding FRP stages 
are illustrated in Figure 4.4 (I and II) respectively.  
 
Electrochemically-induced polymerisation (ECIP) of AAm (0.76 M) were carried out under 
potentiostatic control, for this particular experiment, the initiator concentration and the 
cross-linker concentration were sodium nitrate 0.29 M (250 mg mL-1), 4 potassium 
peroxydisulfate 8.15 mM (130 mg mL-1), and MBAm 38.92 mM (6 mg mL-1) as the cross-
linker respectively. The polymerisation was initiated by cycling a potential between −0.2 V 
and −1.4 V at 20 mV s-1 for five cycles versus a Ag/AgCl reference electrode (saturated KCl). 
The total polymerisation time was around 15 min. Figure 4.5 A and B illustrates typical cyclic 
voltammograms and frequency shift responses for the ECIP of PAM in the presence of BHb 
to form a MIP. After ECIP, a biomimetic polymeric matrix is formed/deposited around the 
template protein BHb, in the case of MIPs, at the QCM working electrode surface. It can be 
seen that the current decreased rapidly with each number of cycles, which is attributed to 
the non-conducting (insulating) PAM membrane layer being formed on the electrode 
surface (Figure 4.5 A). This is especially true for the MIP in which the dielectric properties 
and permeability of the polymer membrane is also dictated by the presence of BHb 
template.  
 
In most electrochemical experiments, mass changes occur as material deposition or cleaving 
occurs at the cathode or ‘working electrode’. As a gravimetric probe, the QCM can be used 
to monitor redox processes; thus, the deposition of the PAM polymer was interrogated via 
real-time electrochemical QCM (EQCM). This typically exhibited frequency decreases of 
around 2000±100 Hz over 15 min at 5 cycles of 20 mV s-1 (Figure 4.5 B). This decrease is 
correlated to an increase of mass on the front of the QCM crystal. In the polymerisation 
process as conversion increases, the polymer chains grow in length. The increase in length 
causes an increase in the viscosity of the polymer solution. This can be used to monitor the 
kinetics of PAM polymerisation as it deposits onto the QCM electrode surface during the 
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formation of a rigid thin layer. The degree of polymerisation is defined as the number of 
monomer units incorporated into the polymer chain during the lifetime of the chain. The 
molecular weight (MW) of the chain is the degree of polymerisation multiplied by the MW 
of the repeat unit. (in PAMs case, the MW of the repeat unit is 3 C at 12 g mol-1 + 1 O at 16 g 
mol-1 + 1 N at 14 g mol-1 + 5 H at 1 g mol-1 = 71 g mol-1). 
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Figure 4.5 - Cyclic voltammograms (1 -5) illustrating the ECIP of PAM in PBS (pH 7.2) at a scan rate of 20 mV 
s
−1 
(A); QCM frequency shift (Δf) responses to the ECIP deposition of a PAM BHb-MIP on the QCM electrode 
surface (5 cycles at 20 mV s
−1
) (B).  
A 
B 
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The offset caused by the viscous loading of the liquid, has negligible effect on the accuracy 
of the Sauerbrey equation (Equation 4.1) for the determination of small mass changes in 
rigid deposits if coupled with Faraday’s law (Equation 4.3) [86, 88, 89, 165]. This relates 
charge passed in an electrochemical experiment to the number of moles of material 
electrolysed, whereby frequency changes can be related to the total charge passed [165].  
 
   
       
(  )
  
 
Equation 4.3 - Sauerbrey equation coupled with Faraday’s Law. MW is the apparent molar mass of the 
positing species (g mol
-1
), Q is the integrated charge during the reduction, in Coulomb (C), F is Faraday’s 
constant (9.648x10
4
 C mol
-1
), and n is the number of electrons transferred to induce deposition [165].   
 
Thus, the apparent mass per unit area of PAM film deposits was calculated to be around 
10.9±0.5 µg cm-2. Assuming a density of 1 g cm-3, and a MW of the PAM repeating unit of 71 
g mol-1, the total amount of converted and surface-adsorbed monomer equates roughly to 
0.15±0.01 µmol cm-2. This corresponds to PAM film thickness of around 109±5 nm. It should 
be noted that some polymer leaves the surface and diffuses into the bulk, and thus cannot 
be included in these calculations. The bulk polymer diffusion is evident by the presence of 
precipitated polymer at the bottom of the chamber after long polymerisation times > 15 
min. It should also be noted that AT-cut QCM pieces of 9 MHz fundamental resonance with 
gold-on-chrome electrodes (5 mm diameter, surface area: 0.196 cm2) and a 3 micron finish 
(theoretical mass sensitivity: 5.458 ng Hz-1 cm2) were used.  
 
Modified QCM electrodes were then rinsed with PBS and immersed in 10% SDS:AcOH (w/v) 
to extract the template protein, and again immersed in PBS for 30 min to equilibrate the 
gels. Theoretically, after protein extraction, complementary imprinted cavities (geometrically 
and chemically) to the template molecule are formed. However, it was noticed that template 
removal deemed unsuccessful where QCM responses were at 3±1 Ohms and 150±50 Hz 
(Figure 4.6). This is possibly due to the tight packing of the polymer entrapping the protein 
at the surface of the electrode. Thus, this would hinder the efficiency of the SDS:AcOH 
elution solution. 
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Figure 4.6 - Typical QCM impedance (ΔZ) response of a PAM BHb-MIP to a 10% (w/v):10% (v/v) SDS:AcOH 
over a period of 1 hr (T=3600s). 
 
This hypothesis was further corroborated by the lack of protein uptake in the rebinding 
studies.  Figure 4.7 illustrates the resulting MIP and NIP control frequency shift responses to 
sequential additions of 100 µg mL-1 BHb protein, giving final concentrations of 1 mg mL-1 of 
BHb protein exposure over a period of around 30 min. Frequency and impedance shifts 
remained negligible for MIPs, while NIPs exhibited a decrease in frequency at the higher 
concentrations of BHb (150±80 Hz).  
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Figure 4.7 - QCM frequency shift (Δf) responses for both PAM BHb-MIP and NIP to sequential ‘step-wise’ 
additions of 100 µg mL
-1
 of BHb protein over a period of roughly 30 min.  Smoothing (red line) was calculated 
in Origin 9.1 using Savitzky-Golay (SG) method at 10 points of window, polynomial order = 1. 
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It is possible that the large surface area (0.196 cm2) and roughness (3 micron finish) of the 
QCM electrode were too large and too low respectively, to allow for a homogenous layer of 
PAM to be deposited evenly across the QCM electrode. Thus, the deposition of the MIP was 
investigated via real-time electrochemical QCM (EQCM) at 20, 50, 75 and 100 mV s-1 for 
either five, ten or twenty cycles, again using the same potential range of −0.2 V and −1.4 V. 
It was observed that fast potential scan speeds and fewer CV cycles caused a rough polymer 
which did not deposit firmly enough at the QCM electrode. This was evident by the film 
being washed off and lost in the eluting stage, ultimately leading to large QCM frequency 
shifts. However, thick and tight membranes were formed, whereby the protein was further 
entrapped, and again unable to be extracted, if slow potential scan speeds and too many CV 
cycles were applied. The latter also applied to fast potential scan speeds and more CV cycles. 
For example, 20 cycles of 100 mV s-1 typically exhibited frequency decreases of around 
200±25 kHz over 15 min (Figure 4.8).   
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Figure 4.8 - QCM frequency shift (Δf) responses to the ECIP deposition of a PAM BHb-MIP on the QCM 
electrode surface (20 cycles at 100 mV s
−1
). 
  
Thus, it was determined that controlling the number of CV cycles and potential scan speeds 
are essential for the effectiveness, reproducibility and efficiency of imprinted E-MIPs. 
However, unsuccessful attempts at producing selective E-MIPs at QCM surfaces are 
reported here. Therefore, it is possible, that cycling the potential between −0.2 V and −1.4 V 
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at 20 mV s-1 for five cycles is appropriate for the formation of the thin film polymers. 
However, the QCM surface is not suitable for sustaining imprinting efficiencies within the 
PAM hydrogel matrix.  
 
4.3 Summary 
A family of acrylamide-based MIPs as ‘bulk thin-films’ of varying hydrophobicity have been 
characterised for their protein imprinting efficiency using QCM sensor techniques. The 
extent of template removal and rebinding, using both QCM impedance and frequency 
measurements, demonstrated that 10% (w/v): 10% (v/v) sodium dodecyl sulphate (SDS): 
acetic acid (AcOH) (pH 2.8) was efficient at eluting template BHb (with 80±10% removal). 
Selectivity studies revealed that PNHMA BHb-MIPs had higher adsorption and selective 
recognition properties to BHb (64.5 kDa) when compared to non-cognate BSA (66 kDa), 
myoglobin (Mb, 17.5 kDa), lysozyme (Lyz, 14.7 kDa) thaumatin (Thau, 22 kDa) and trypsin 
(Tryp, 22.3 kDa).  Three distinct types of QCM responses were observed depending on the 
acrylamide used (PNHMA > PAM > PNiPAm), which agrees with the order of best 
performance of the polymers in previously published QCM studies. At 3 mg mL-1, the QCM 
gave frequency shifts of 1800±50 Hz for template BHb rebinding in both PAM and PNHMA 
MIPs, whereas PAM MIPs exhibited an interference signal of 2200±50 Hz for non-cognate 
BSA in comparison to a 500±50 Hz shift with PNHMA MIPs. Thus, it was demonstrated that 
MIP selectivity is a function of the hydrophobicity of the acrylamide monomer used to form 
the MIP. However, the QCM sensor was limited to indicating MIP surface activity only at 3 
mg mL-1 and provided physical interpretation in terms of hydrophobicity of the polymer 
matrix that forms the MIP and protein selectivity. In short, the QCM sensor had the ability to 
assess the extent of specific protein binding at 3 mg mL-1 by sensing surface-specific binding 
responses of 52±5 Ohms and around 2000±100 Hz over a 1 hr period of protein exposure. 
 
In quest of better sensor performance, alternative means of depositing or coupling the 
polymer MIP/NIP thin-films onto QCM surfaces were investigated. Results demonstrated 
apparent thickness of 109±5.5 nm, however, template removal deemed unsuccessful, 
possibly due to the tight packing of the polymer entrapping the protein, or possibly due to a 
loss of the polymer thin film in the washing procedure. It was determined that the ECIP 
parameters are essential for the effectiveness, reproducibility and efficiency of depositing 
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PAM polymers at QCM surfaces. However, unsuccessful attempts at producing selective E-
MIPs at QCM surfaces were reported, leading to the conclusion that the QCM surface was 
not suitable for sustaining imprinting efficiencies within the PAM hydrogel matrix. A 
comparative summary of the two QCM MIP deposition techniques based on QCM 
responses, both frequency and impedance shifts, are illustrated within Table 4.1. Values are 
based on best performance using PAM BHb-MIP and NIP controls. On the basis of these 
findings, it was concluded that while, the E-MIP layer had apparent lower thicknesses it 
demonstrated low signal to noise ratios and thus no significant measurements were 
deducible.  
 
Table 4.1 - Comparative summary of final QCM impedance (ΔZ) and frequency shift (Δf) responses according 
to best performance across both PAM polymer MIP thin-film deposition techniques. Data represents mean ± 
S.D., n = 3. 
MIP Method MIP Stage  Impedance ΔZ Frequency Δf 
Bulk thin film (138±9 nm) 
Elution (15 min) 600±50 Ohms 6000±150 Hz 
Loading at 3 mg mL
-1
 (1 hr) 52±5 Ohms 1800±50 Hz 
E-MIP (109±2 nm) 
Elution (1 hr) 3.5±1 Ohms 150±50 Hz 
Loading at 1 mg mL
-1
 (30 min) 2±1 Ohms 100±80Hz 
 
4.4 Further Development 
4.4.1 Alternate Deposition Techniques 
Several problems with reproducibility, properties, etc. were encountered during and after 
thin film depositions onto the QCM surface. Therefore available methods to control and 
understand the deposition process and also to optimise the deposition are vital. Further 
development into MIP thin films could be through several other deposition techniques. 
Physical, e.g. pulsed laser deposition (PLD) and chemical e.g. chemical vapour deposition 
(CVD) methods exist for inorganic, organic and even biological material thin-films [125, 153, 
159]. Using the latter techniques, amongst others, thin-films have been applied as 
protective coatings, as sensitive organic polymeric multi-layers and as biological sample 
interfaces; photoresists, deposited by spin coating, have also been reported [10, 40, 76, 86, 
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167].  Spin coating is a cheap and fast method to produce homogeneous layers.  An excess 
amount of the polymer solution is placed on the substrate, which is then rotated at high 
speed in order to spread the fluid by centrifugal force. With the latter mentioned technique, 
the polymer film thickness could be adjusted by varying the spin speed, time, and the 
concentration of the used solution. The disadvantage of this method however, is that it is 
limited by the solvent and that no lateral resolution is possible. However, this technique 
could serve as an excellent candidate for the deposition of hydrogels to create MIP thin 
films on QCM surfaces. Furthermore, investigations into environmental influences (e.g. 
temperature, pH) with coating techniques for application in different sensors, e.g. 
piezoelectric nano-plotters and QCM screening could provide valuable characterisations of 
selective adsorption properties in the hydrogels, by measuring their selectivity and 
sensitivity. Moreover, gel densities were investigated at 6% T, AAm/MBAm (w/v) and cross-
linking densities at 10% C (w/w) for all hydrogels. This could be expanded upon by varying 
the degree of polymer densities, i.e. increasing the % T and % C for a more porous polymer 
matrix. 
 
4.4.2 Flow-cell Application 
A custom made flow-cell for QCM analysis has been designed and built for a dual crystal fit 
and could be implemented. QCM crystals could be sandwiched between two pieces of 
acrylic plates with rubber ‘O’ rings for cushioning and water tightness. This design would 
allow for both, MIP and control NIP to be simultaneously tested using the same analyte and 
allow for maximum analyte recovery and a low detection range. Using a Gilson Minipuls 3 
peristaltic pump at 7 RPM, along with 1/16” PEEK tubing, would give flow rates of around 70 
µL min-1. This would best fit for PSA and future virus/pathogen samples as they are costly 
and available at minimum concentrations. The QCM flow cell technique could form the basis 
‘proof of concept’ of the end sensor in the development of a hand-held instrument for in-
field testing.  
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5 Chapter Five 
Electrochemical Biosensor Application 
 
5.1 Introduction 
Electrochemical sensors are becoming of great importance; their success takes root in their 
versatility and modifiability for analytical purposes [130, 177]. The main characteristics of 
electrochemical sensors, such as their low cost, reliability, and ease of use, make them an 
ideal diverse tool for the development of measuring devices across industrial, food, 
environmental, biological and agricultural sectors [105, 108, 130, 174, 178, 179]. Many 
electrochemical sensors rely on cyclic voltammetry (CV), this is an important analytical 
technique used in electrochemistry for the study of chemical systems. CV methods use a 
three electrode experimental setup, consisting of a working electrode, at which the redox of 
the analyte takes place; a counter electrode that is responsible for maintaining the correct 
current; and a reference electrode.  
 
The characterisation of highly hydrated soft materials, such as hydrogels, is challenging [3]. 
However, CV offers a viable, non-invasive method. Metallo-proteins are expected to 
produce an electrochemical signal because of their metal-containing haem/protoporphyrin 
active centres in the protein molecules [174]. However, the extended three-dimensional 
structure of proteins results in the inaccessibility of the electro-active iron centres. It can 
therefore be difficult for metallo-proteins to undergo heterogeneous electron transfer; as a 
result, no detectable current appears with conventional electrodes [3, 180]. However, 
protein denaturation results in conformational changes, allowing haem groups to be 
electrochemically reduced at glassy carbon electrode (GCEs) and promotion of electro 
catalysis of the oxygen reduction [3]. For example, conformational or structural changes in 
haemoglobin (Hb) complexes can be induced upon denaturation and oxygen binding as well 
as by micelle interaction [3, 34, 47]. With this in mind, an attempt to evaluate the possibility 
to measure proteins using CV and/or differential pulse voltammetry (DPV) information 
extracted from modified electrodes was investigated using a range of techniques and 
devices. 
95 
 
5.2 Results and Discussion 
5.2.1 Bulk MIP Investigations 
Cyclic voltammograms were recorded in the presence of four proteins at 15.4 µM (bovine 
haemoglobin (BHb) - 1 mg mL-1, bovine serum albumin (BSA) - 0.98 mg mL-1, myoglobin (Mb) 
- 0.26 mg mL-1, and cytochrome C (Cyt C) - 0.185 mg mL-1) in a solution containing PBS buffer 
(pH 7.2) and 5% SDS (w/v) using glassy carbon electrodes (GCEs). These four proteins were 
chosen on the basis of their different biological roles, sizes, and electrochemical activities. 
Both BHb (64.5 kDa) and Mb (17.5 kDa) exhibit well-known electrochemical behaviour [3, 42, 
114, 181]. Whereas BSA (66.5 kDa), a non-metalloprotein, lacks electrochemical activity; and 
Cyt C (12.5 kDa) is unable to bind oxygen despite being an iron-containing metalloprotein 
that is capable of undergoing oxidation and reduction.  
 
It can be seen in Figure 5.1 A that in the presence of either Cyt C or BSA a cathodic reduction 
signal of the dissolved oxygen in solution is present. This supposition was confirmed by 
bubbling nitrogen in the working solution, leading to depletion of the oxygen reduction peak. 
However, in the presence of BHb and Mb a shift in the peak reduction potential towards a 
less negative potential was observed. This indicated an electrocatalytic process for the 
covalently bound oxygen reduction reaction at the surface of the electrode [3, 42, 114, 181]. 
This effect is probably due to the fact that a change in haemoglobin and myoglobin 
conformation occurs in the presence of sodium dodecyl sulphate (SDS), exposing the Fe(III) 
centre. With this modification, the reduction of the oxygen does not directly happen at the 
electrode surface; the Fe(III) is reduced to Fe(II) at the electrode surface and the oxygen 
reduction is subsequently electrocatalysed by the oxidation of Fe(II) to Fe(III). In order to 
evaluate the qualitative discrimination of the proteins, the data sets of each protein 
voltammogram recorded using GCEs were analysed using multivariate analysis. Some 
degree of separation between the proteins that, in solution, exhibit (BHb and Mb) and do 
not exhibit (Cyt C and BSA) a shift in the peak reduction potential of the oxygen 
electrochemical process can clearly be observed in the voltammetric profile.  
 
However, further evaluation of the recognised sample similarities using principle 
component analysis (PCA) and hierarchical cluster analysis (HCA) showed that the model 
was unable to clearly discriminate between individual protein cases inside the groups of 
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protein clusters that exhibit/do not exhibit a shift in peak reduction potential for the oxygen 
electrochemical process (Figure 5.1 B).  There was < 60% correct protein case classifications 
using cross-validation ‘leave-one out’ studies of original grouped cases, and the cross-
validated grouped cases. 
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Figure 5.1 - Cyclic voltammograms of protein (15.4 µM) in PBS (pH 7.2), and in the presence of 5% SDS (w/v), 
(a) cytochrome C (Cyt C), (b) bovine serum albumin (BSA), (c) equine heart myoglobin (Mb), and (d) bovine 
haemoglobin (BHb) at scan rates of 100 mV s
-1
 using bare GCEs of 1, and 3 mm diameter (A). Cross-validation 
cluster analysis based on the percentage prediction scores for the four protein cases using voltammetry data 
from modified GCE (B). Data represents mean ± S.D., n = 3.  
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To investigate MIP compatibility at electrode surfaces, while retaining their selectivity and 
specificity, GCEs (1 and 3 mm in diameter) were individually modified with a 20 mg 
conditioned PAM hydrogel layer of each: NIP, BHb MIP, Cyt C MIP, BSA MIP, and Mb MIP as 
previously described in sections 2.2.1 and 2.2.2. The layer was kept in place by a 
polycarbonate membrane (0.8 µm) placed over the modified electrode surface and held 
down with the aid of a rubber ring. The polycarbonate membrane was chosen because its 
pores are small enough to retain the gel (75 µm particle size) and, at the same time, large 
enough to allow protein in solution to diffuse through. Kryscico et al. recently demonstrated 
using circular dichroism spectroscopy that during the imprinting process, some of the 
protein undergoes conformational changes and is partially denatured [140, 141]. Thus MIPs 
are therefore imprinted with both, native as well as partially denatured protein. MIPs and 
NIPs were therefore analysed electrochemically with SDS treated protein to give partially 
denatured protein. Considering the selective nature of MIPs, protein arrival at the electrode 
surface via diffusion is delayed by the MIP due to attractive selective interactions with 
exposed cavities [3]. With this in mind, GCE surfaces were modified with a conditioned 
hydrogel layer (20 mg) of a BHb MIP, Mb MIP, Cyc C MIP, or BSA MIP. To ensure the 
successful elution of protein from the MIP (and thus the presence of selective cavities 
through conditioning), BHb MIPs at different stages were electrochemically tested on the 
electrode.  
 
Figure 5.2 A characterises the cyclic voltammograms for freshly prepared MIP (with BHb still 
in the cavities; referred to as MIP1), the same MIP washed to remove protein (referred to as 
MIP2) and also NIP. The results clearly demonstrate that the MIP loaded with protein 
exhibits similar electrochemistry to the BHb solution in Figure 5.1 A. The reduction peak 
observed at around -0.4 V is the iron mediated reduction of oxygen. This suggests that the 
GCE is able to detect the protein at the surface due to the ‘un-eluted’ MIPs presence and 
concurred with previously reported electrochemical MIP studies [3]. Conversely, when 
protein is not present in either the MIP or the NIP, the electrochemistry reverts to the direct 
electrochemical reduction of dissolved oxygen (reduction peak at -0.6 V). Protein diffusion 
through MIP and NIP layers was initially studied at 154 and 15.4 µM; whereas the NIP 
response time remained constant at 10 min for all protein concentrations, the MIP response 
time decreased from the previously reported 40 min [3] to 10 min at low protein 
concentrations. 
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Figure 5.2 - Cyclic voltammograms recorded in PBS (pH 7.2), SDS 5% (w/v), and in the presence of BHb in 
solution (15.4 µM) at scan rate of 100 mV s
-1
: Glassy carbon electrode (GCE) modified with hydrogel layers of 
NIP (a), unconditioned BHb-MIP1 (b), conditioned BHb-MIP2 (c) after 0 min of protein exposure (A). Glassy 
carbon electrode (GCE) modified with hydrogel layer of BHb MIP. Measurement made after 0 (a) and 10 (b) 
min of protein exposure (B). 
 
Figure 5.2 B illustrates the resulting voltammograms for 0 and 10 min of BHb exposure at 
15.4 µM using a modified BHb-MIP layer (20 mg). It can be seen that a shift in the peak 
reduction potential for the oxygen reduction was observed after only 10 min of BHb 
exposure. Therefore, both MIP and NIP share the same reduced response time at lower 
concentrations. Results suggest that template proteins exhibit little interaction with the MIP 
A 
B 
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cavities at lower concentrations. It is possible that there is extensive protein denaturation in 
the presence of SDS and therefore there is little or no interaction between denatured 
protein and the mixed population of MIP cavities for native and partially denatured protein. 
An alternative hypothesis would be that template proteins form mixed populations of free 
and clustered proteins when imprinted at high concentrations (12 mg mL-1). The resultant 
population of imprinted sites would therefore contain some cavities that are associated 
with protein clusters. This phenomenon is supported by previous work [8, 126], where force 
spectroscopy analysis of MIPs suggested that the cavities accommodated an agglomeration 
of template protein molecules rather than just a single molecule. It is therefore possible that 
the solution phase represents a more dispersed protein population compared with the 
original imprinted template population for rebinding protein at low concentrations. If the 
cavities only respond to a critical number of protein molecules in a given arrangement, then 
this could explain why the MIP does not appear to be selective at low protein 
concentrations. However, although the presence of SDS in solution (5% (w/v)) allows for 
protein detection at the electrode by iron exposure, it also implies that MIP recognition 
within the specific cavities may technically not be able to rebind the partially denatured and 
unfolded protein structures due to an altered size and shape.  
 
In light of this, recent studies have shown that when imprinting, a mixture of stable and 
partially denatured proteins are present [79, 140, 141]. Therefore it is still possible that the 
MIPs can function as a recognition element and rebind a small percentage of the 
heterogeneous protein configurations. In order to confirm these assumptions and elucidate 
the hypothesis that MIP cavities undergo an electrochemical discrimination of their 
template proteins, individually modified GCEs with all four hydrogel MIP layers were 
separately tested across all four proteins. Cyclic voltammograms for all MIPs were recorded 
in a solution containing PBS (pH 7.2), SDS 5% (w/v), and 15.4 µM of the four proteins for 
different times of protein exposure (0 - 60 min). It was noted that the current signal for both 
BHb and Mb at 15.4 µM achieved ‘steady state’ behaviour after 10 min, indicating that this 
time could be used for all further measurements. Therefore, using the voltammetric current 
density values PCA score plots for each MIP and protein combination were plotted at 10 min 
of protein exposure.  
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Figure 5.3 A illustrates the average PCA score plot for the four MIPs as they all shared the 
same cluster separation. A clear discrimination and separation (using 93% of the original 
information) of the four protein clusters at 10 min of protein exposure can be seen. This 
indicated that MIP cavity interactions could play an important role in the discrimination 
process. Of the four different clusters, Cyt C and BSA clusters are far less scattered than BHb 
and Mb clusters. An explanation for this behaviour could be ascribed to the fact that the 
BHb MIP was selective for both BHb and Mb (which bear similarities in their structure), 
allowing for them to bind in the MIP cavities and consequently making the diffusion rate 
less reproducible in the MIP.  
 
 
 
Figure 5.3 - PCA score plots: (A) glassy carbon electrode (GCE) modified with hydrogel MIP layer, results 
show the average response of all four different MIPs; (B) GCEs modified with a non-imprinted (NIP) hydrogel 
layer. Voltammetric data was recorded in PBS (pH 7.2), SDS 5% (w/v), and in the presence of each protein 
(15.4 µM). The potential programme employed to record the voltammetric curves as input to perform PCA 
were: Ei = 0.0 V, EV1 = -0.9 V, Ef = 0.0 V, and a scan rate = 100 mV s
−1
. All measurements were made after 10 
min of protein exposure. 
 
The separation for Cyt C and BSA can be justified due to their adsorption at GCE surfaces, 
subsequently changing the rate of the oxygen reduction. A change in the peak current and 
in the current decay from peak current to -0.8 V (Idecay peak current to -0.8 V) for the oxygen 
reduction was observed for all the experiments with Cyt C and BSA proteins when compared 
with a blank solution. These adsorption rates of Cyt C and BSA can be related to previously 
published values [181, 182]. It is plausible that this adsorption effect and delayed diffusion 
due to MIP cavity interactions are responsible for the discrimination process [183]. PCA 
A B 
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loading plots revealed the variables responsible for the separation of the proteins; 5 
variables could be elected: Ep, Ip, E1/2, Iat -0.8 V, Idecay peak current to -0.8 V. Thus, the effective 
diffusion rate of proteins through the composite membranes could be a function of specific 
and non-specific cavities of the polymeric MIP layer [183]. Therefore, the time of protein 
diffusion was considered an important parameter for the discrimination process. This 
indicated that GCEs modified with an acrylamide cavity-based MIP could be used as a sensor 
to discriminate different kinds of proteins at 10 min of protein exposure. However, 
mechanical obstruction of the polymeric layer using a control non-imprinted polymer (NIP) 
on the GCE surface was conducted in order to validate the MIP-protein rebinding profiles. 
This allows only for the non-specificity of the polymeric layer to be evaluated due to the lack 
of selective cavities. All discrimination experiments were executed identically as reported 
using the MIP layers; the only altered variable was the modified NIP layer (20 mg). 
Unfortunately, PCA plots revealed NIP to have similar protein discrimination (Figure 5.3 B) 
to that of a MIP at 10 min of protein exposure. Therefore only the protein diffusion rate 
through the polymeric layer could be considered as a possible discriminating factor for the 
four proteins.   
 
A closer look at the PCA data using interpreted HCA data compiled as number of cluster 
recognition, within cross-validation prediction groups, reveals that the four protein cases 
are best profiled using both MIP and NIP layers when compared with bare GCE (Figure 5.1 B). 
The symmetric measures between the protein discrimination models, in terms of a 
percentage measurement of agreement using Cohen's kappa coefficient (κ), are illustrated 
in Table 5.1. Since the approx. significance (ρ) = < 0.0005, the κ coefficients are significantly 
different from zero (63% for bare GCEs, 96% for NIP and 100% for MIP). Therefore, there is a 
clear contrast between the behavioural models for protein discrimination. Furthermore, 
clustering relationships for each of the four proteins are apparent; this phenomenon is 
especially noticeable in the MIP and NIP PCA plots (Figure 5.3). It should be noted that in 
different studies, involving bare GCE, MIP modified GCE or NIP modified GCE, all PCA protein 
clusters fall into the same pattern recognition, thus providing an overall cohesive protein 
profile. Each protein retains its own individual cluster within a single quadrant of the PCA 
plot. Interestingly, these studies illustrate that proteins with a metal center behave similarly; 
it can clearly be seen that both metallo-proteins that exhibit a peak potential shift (BHb and 
Mb) are on the right half of the vector, while BSA and Cyt C are on the other. Moreover, the 
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smaller sized proteins (Mb ≈ 17.5 kDa and Cyt C ≈ 12.5 kDa) are on the top half of the plot. 
This recognition approach could be useful for future protein speciation profiling. 
 
Table 5.1 - Symmetric measures of agreement using Cohen's kappa coefficient (κ) as a percentage, 
asymptotic standard error of the mean (SEM) not assuming the null hypothesis
a
, approximate T as the ratio 
of κ to the asymptotic SEM assuming the null hypothesis
b
, and the approximate statistical significance (ρ). 
Model κ (%) Asymp. SEMa Approx. Tb Approx. Sig. (ρ) 
Bare GCE 63 0.1 6.5 < 0.0005 
NIP 96 0.04 10 < 0.0005 
Mb MIP 100 0 10.4 < 0.0005 
Cyt C MIP 100 0 10.4 < 0.0005 
BSA MIP 100 0 10.4 < 0.0005 
BHb MIP 96 0.04 9.4 < 0.0005 
 
5.2.2 Electrochemically-induced MIP (E-MIP) Investigations 
In this section free radicals are electrochemically induced by an electron transfer from the 
cathodic substrate to a redox-active initiator, i.e. the reduction of peroxydisulfate to form 
radical anions at working electrode surfaces of GCEs and screen-printed carbon electrodes 
(SPCEs), hence forming polyacrylamide (PAM) thin films [42, 170, 171] as previously 
described in section 4.2.2. This electrochemically-induced polymerisation (ECIP) technique 
plus the combination of portable and sensitive electrochemical devices offers many 
attractive features for the development of novel MIP-based electrochemical sensors for in-
situ analysis. This has the advantage of controlled modification of inert electrode surfaces 
with thin films of specific polymers [2, 184]. 
 
5.2.2.1 Glassy Carbon Electrodes (GCEs) 
Figure 5.4 A and B illustrate typical cyclic voltammograms for the electrochemically-induced 
polymerisation (ECIP) of polyacrylamide (PAM) in the presence of BHb to form a MIP (Figure 
5.4 A) and a non-imprint control (NIP) (Figure 5.4 B) at glassy carbon electrodes (GCEs). It 
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can be seen that the currents of the cycles decrease rapidly with the number of cycles, 
which is attributed to the non-conducting (insulating) PAM membrane layer formed on the 
electrode surface. This is especially true for the MIP (Figure 5.4 A) in which the dielectric 
properties and permeability of the polymer membrane is dictated by the presence of BHb 
template. 
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Figure 5.4 - Typical cyclic voltammograms illustrating the ECIP of PAM at 3 mm GCEs for a BHb-MIP (A) and 
non-imprint control (NIP) (B) in PBS (pH 7.2) for 5 cycles at a scan rate of 20 mV s
−1
. 
B 
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In order to chemically evaluate the GCE surface, an external electrochemical ferricyanide 
redox probe ([Fe(CN)6]
3−) was used for signal transduction. The purpose of [Fe(CN)6]
3− is to 
probe the surface area of the GCE available for its oxidation. Characterisation of the GCEs 
before (Bare) and after polymer modification for both MIP and NIP can be seen in Figure 5.5 
A and B respectively, (labelled as ‘Bare’ and ‘Polymer’). It can be seen that once the 
modification has occurred, the diffusion of [Fe(CN)6]
3− is no longer possible (i.e. no redox 
signal is observed), corroborating a successful polymerisation for both MIP and NIP. 
Compared to the voltammetric behaviour of the bare GCE, there is an appreciable drop in 
the current. The relative current ratio of the two anodic peaks on the bare GCE and polymer 
modified GCE, measured at constant potential (E), can be used to approximate an apparent 
coverage of PAM on the GCE surface using Equation 5.1. 
 
   − (
  
  
)            
 
Equation 5.1 - Apparent surface coverage of the deposited PAM hydrogel layer. θ is the apparent surface 
coverage, I0 is the peak current of the bare GCE surface (A), and Ip is the current of the polymer modified GCE 
surface (A) measured at the I0 peak potential (E) [185, 186].  
 
Using Equation 5.1 and the data in Figure 5.5 it was estimated that the apparent surface 
coverage of the GCE electrode by a PAM hydrogel layer is around 92±5%. Once 
electropolymerised, modified GCEs (MIP and NIP) were immersed, firstly in a 10% (w/v):10% 
(v/v) SDS:AcOH (pH 2.8) solution for 2 hrs, followed by a solution of 0.5 M H2SO4 for 1 hr and 
then equilibrated in PBS (30 min) and analysed to access the removal/elution of template 
protein. After successful template removal, typical redox peaks of [Fe(CN)6]
3− were observed 
for MIP modified GCE (Figure 5.5 A, ‘Elute’), whereas the control NIP modified GCE 
produced no electrochemical signal and remained unchanged due to its uniformly non-
conducting PAM membrane properties concealing it (Figure 5.5 B, ‘Elute’). Typically, the 
extraction of target BHb from the MIP results in the formation of biomimetic sites or cavities 
that are subsequently allowed to associate with cognate template to give a synthetic 
receptor binding event. In this instance, they can now also act as channels or pores, allowing 
access for the diffusion of the [Fe(CN)6]
3− probe to be oxidised or reduced at the GCE surface 
producing an electrochemical signal which can be indicative of binding events. 
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Figure 5.5  - Cyclic voltammograms illustrating the electrochemical ‘ferricyanide probe’ characterisations of 
bare GCE and modified GCE (after polymerisation, after elution, and after BHb, PHb and HHb protein 
loading) for both MIP (A) and non-imprint control (NIP) (B) using 5 mM potassium ferricyanide solution 
containing 0.5 M KCl at a scan rate of 50 mV s
−1
. 
 
To confirm this hypothesis, protein rebinding and selectivity studies were conducted. 
Modified GCEs (MIP and NIP) were first incubated in BHb protein solution (100 µg mL-1) for 
30 min, washed with PBS to remove non-specifically adsorbed protein, and then transferred 
into potassium ferricyanide solution for CV analysis. The ferricyanide peak for the MIP 
modified GCE begins to deteriorate in response to the loading of 100 µg mL-1 (Figure 5.5 A 
B 
A 
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‘BHb Load’), while the NIP-modified GCE again remains unchanged (Figure 5.5 B, ‘BHb Load’). 
HHb and PHb proteins were also tested (again by incubation of modified GCEs in solutions of 
100 µg mL-1 for 30 min) and ferricyanide peaks remained unchanged from that of the Elute 
phase (Figure 5.5 A, ‘HHb and PHb Load’). These results suggest that the BHb MIP modified 
GCE does in fact exhibit selectivity towards its native BHb template at a concentration of 
100 µg mL-1, and not PHb or HHb, due to the rebinding of BHb which is potentially filling the 
selective cavities and causing a shift in the [Fe(CN)6]
3− response. Moreover, while the 
ferricyanide peak remains constant illustrating no response to various external stimuli 
exhibited by the NIP control, this in turn suggests the NIPs lack of selectivity towards target 
proteins and the robustness of the polymer membranes architecture. Furthermore, MIP-
modified GCE sensors also demonstrated good reusability, i.e., the MIP-modified GCE 
sensitivity remained ≥ 90% after 9 cycles of binding (RSD ≤ 10%). 
 
In order to optimise ECIP parameters, MIP deposition was investigated at different scan 
rates of 20, 50, 75 and 100 mV s-1 for either five, ten or twenty cycles, again using the same 
potential range of −0.2 V and −1.4 V. It was observed that fast potential scan speeds and 
fewer CV cycles (< 5) caused a rough polymer which did not deposit firmly enough at the 
GCE electrode. This was evident by the film being washed off and lost in the eluting stage, 
ultimately leading to an unusually large diffusion of the [Fe(CN)6]
3− probe in both, MIP and 
NIP cases. However, rigidly coupled, yet impermeable membranes were formed, whereby 
the protein was entrapped and unable to be extracted, if slow potential scan speeds and too 
many CV cycles (≥ 10) were applied. The latter also applied to fast potential scan speeds (> 
75 mV s-1) and more CV cycles. Thus, it was determined that the number of CV cycles and 
potential scan speeds were essential for the effectiveness, reproducibility and efficiency of 
imprinted E-MIPs. Therefore, cycling the potential between −0.2 V and −1.4 V at 20 mV s-1 
for five cycles was an appropriate set of conditions for the formation of functionally 
imprinted E-MIPs. GCEs of different surface areas 0.008 cm2 and 0.07 cm2 were also tested 
(1 mm and 3 mm diameter respectively). Successful imprinting effects were demonstrated 
by the 3 mm GCEs (as illustrated throughout this section), 1 mm GCEs did not maintain the 
physisorbed PAM polymer layer during the elution phase. It was noted that, while the 3 mm 
GCEs required 2 hrs of 10% (w/v):10% (v/v) SDS:AcOH (pH 2.8) followed by 0.5 M H2SO4 for 
1 hr to remove the protein template successfully, the 1 mm GCEs eluted the protein at 
much faster rates, and required only an SDS:AcOH elution. Studies into the effect of 
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SDS:AcOH elution at 15 min intervals were investigated for 1 mm GCEs (Figure 5.6 A and B, c 
- h). Results illustrated that above 1 hr of SDS:AcOH exposure (g - h) both, the MIP and NIP 
started to exhibit an increase in [Fe(CN)6]
3− signal. This suggested that the thin-film PAM 
matrix had become too porous, therefore losing its integrity and was being cleaved off the 
GCE surface. This was further corroborated by the lack of protein uptake in rebinding 
studies. Hence, it was concluded that 3 mm GCEs were better suited for the imprinting of 
PAM E-MIPs.  
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Figure 5.6 - Cyclic voltammograms illustrating the electrochemical ‘ferricyanide probe’ characterisations of 1 
mm bare GCEs (a) and modified GCEs after polymerisation (b) and after elution at 15 min intervals, c - h 
respectively (Ʈ = 1 hr), for both MIP (A) and non-imprint control (NIP) (B) using 5 mM potassium ferricyanide 
solution containing 0.5 M KCl at a scan rate of 50 mV s
−1
.  
B 
A 
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For analytical application, differential pulse voltammetry (DPV) was employed, due to its 
high sensitivity, to study BHb rebinding. Thus, using optimised parameters (−0.2 V and −1.4 
V at 20 mV s-1 for five cycles) 3 mm GCEs were modified with BHb MIP and NIP controls, and 
incubated in BHb protein solutions (0 - 1 mg mL-1) for 30 min (Figure 5.7). The principle that 
the molecular recognition process diminishes the mass-transport of [Fe(CN)6]
3−, and hence 
reducing the electrochemical signal, remains unchanged. Thus, with increased BHb 
concentrations more imprinted sites would rebind with BHb, and the peak currents are 
reduced accordingly. Thus, the reduction current (ΔI) is related to the concentration of BHb. 
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Figure 5.7 - Differential pulse voltammograms obtained in 5 mM potassium ferricyanide solution containing 
0.5 M KCl for PAM BHb-MIP modified GCEs after rebinding for 30 min in 0 - 0.3 mg mL
−1
 BHb solution. 
Parameters: scan rate of 50 mV s
−1
, a step width of 0.1 s, a step potential of 5 mV, the pulse width and pulse 
amplitude were 50 mV. Inset: plot illustrating the linear dynamic range as the change in current (ΔI) 
increases gradually with increasing concentration of BHb, and stabilising at a concentration of 1 mg mL
−1
. 
Data represents mean ± S.D., n = 3. 
 
Under the latter optimal conditions, the relationship between the decrease in current of the 
[Fe(CN)6]
3− reduction peak and the BHb concentration showed a linear correlation between 
50 and 300 µg mL−1 (ΔI (μA) = (108±3) C (mg mL−1) + (3.6±0.5)) with a correlation coefficient 
(R2) of 0.996. Thus, a limit of detection (LOD) of 16 µg mL−1 and a limit of quantification 
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(LOQ) of 56 µg mL-1 were determined for BHb. The LOD (0.26 mM) and the LOQ (0.87 mM) 
were calculated according to the 3ς and 10ς criteria respectively. BHb MIP responses in 
selectivity tests using closely related HHb and PHb proteins under the same concentration 
range (100 µg mL-1) revealed lower relative sensitivities (0.8 times) compared to BHb 
detection. NIP controls also had negligible responses towards protein concentrations.   
 
5.2.2.1.1 Biocompatibility Study 
In order to assess MIP suitability in biological samples, along with previously predetermined 
‘bulk ’speciation ability (see section 3.2.1.3), PAM BHb HydroMIPs and NIPs were 
investigated for their potential application for biological diagnostics using a control urine 
(Surine), along with human plasma and serum matrices (diluted to 1:10) to assess for 
potential interferents that could affect template protein rebinding. Reload samples of urine, 
plasma and serum were spiked with a mixture of either all three proteins (BHb, HHb, PHb; 
100 µg mL-1 each) or a mixture in the absence of the original BHb template (HHb and PHb at 
100 µg mL-1 each) and were allowed to associate with the modified GCEs (MIP and NIP) for 
30 min and then transferred into potassium ferricyanide solution for CV analysis. In order to 
illustrate MIP specificity in complex matrices of mixed samples pattern recognition based 
chemo-metric techniques consisting of multivariate analysis such as linear discriminant 
analysis (LDA) were again implemented for data reduction.  
 
Figure 5.8 A and B illustrates the resulting MIP and NIP discriminant function plots of DF1 vs. 
DF2 using the current density voltammograms data from ECIP BHb MIP-modified GCEs. 
Using just the first two PC dimensions, which contain around 95% of the original information 
content, a clear discrimination of all protein clusters can be seen as unique protein 
fingerprints along with the corresponding biological sample matrix (Figure 5.8 A). The 
boundary for the template BHb spiked samples is represented by an ellipse. It is clear to see 
that while the NIP is unable to discriminate between samples (Figure 5.8 B), the BHb MIP 
system is successfully able to discriminate between its native BHb template spiked within a 
mixture of pig and human haemoglobins in biological samples, significance (ρ) = < 0.0005. 
These results suggest that these MIP systems could be used for future biosensor 
development that relies on electrochemical redox processes. This MIP strategy opens up 
interesting possibilities for the testing of meat adulteration. The origin and purity of meat is 
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of interest to the retailer and consumers alike in the supply chain. The end-user would wish 
to have confidence in what they are consuming whether it is beef, pork or horse. The 
current gold standard tests for meat authenticity are based on DNA analysis allowing the 
discrimination between different meats in a mixture. Such analytical techniques require 
stringent levels of sample clean up and subsequent DNA amplification [187-189]. This 
application of protein-specific MIPs and LDA analysis offers the potential for rapid in-field 
testing of meat samples based on analysing (the more abundant and readily accessible) 
protein levels and profiles with minimal sample preparation.  
 
 
 
Figure 5.8 - Discriminant function plots showing a clear discrimination of all proteins as unique protein 
clusters for ECIP modified GCEs of BHb PAM MIP (A), and non-imprint control PAM NIPs (B). Urine, plasma 
and serum samples spiked with a mixture of all three proteins (BHb, HHb, PHb; 100 µg mL
-1 
each, are noted 
as U1, P1 and S1 respectively); Samples spiked with a mixture in the absence of the original BHb template 
(HHb, PHb; 100 µg mL
-1 
each, are noted as U2, P2 and S2 respectively). For demonstrative purposes, both 
MIP and NIP plots were kept at the same scale to illustrate the profiling pattern recognition effect.  
 
5.2.2.2  Screen-printed Carbon Electrodes (SPCEs) 
Disposable screen-printed carbon electrodes (SPCEs) fabricated via thick-film (screen-
printing) technology offer an attractive opportunity for the development of miniaturised 
low cost electrochemical sensors for the detection of bio-analytes in POC testing and OSD 
monitoring [190, 191]. The attractive features of carbon lie within its broad potential 
window, low background current, rich surface chemistry, low cost, chemical inertness and 
B A 
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suitability for various sensing and detection applications [173]. The DropSense SPCEs 
reported herein retail under £1.60 per chip, and can be easily modified to be fit for purpose. 
Thus, this section suggests the possibility of portable, cheap, disposable and potentially 
reusable electrochemical sensing synthetic receptor based on the introduction of a redox 
tracers (both externally as a probe and within the MIP matrix) using ECIP techniques. 
Moreover, SPCEs have a sample chamber of around 40 µL, making them ideal for small 
sample preparations, perfect for limited and expensive analyte targets, such as PSA, and/or 
pathogen samples. 
 
5.2.2.2.1 Surface Activation of SPCEs  
SPCEs were electrochemically pre-treated (etched and cleaned) before each experiment by 
sweeping the potential between 0.1 and 1.5 V in 0.5 M H2SO4 at 0.1 V s
−1 until reproducible 
voltammograms were observed, normally around 25 scans, as seen in Figure 5.9. It has 
previously been shown that in the manufacturing process of SPCEs, high amounts of residual 
polymer in the ink results in slower kinetics of heterogeneous reactions of quasi-reversible 
or irreversible redox processes [173, 185, 186, 191]. 
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Figure 5.9 - Cyclic voltammograms illustrating the electrochemical cleaning/etching pre-treatment of SPCE 
working electrode surfaces using 0.5 M H2SO4 for 25 cycles at 0.1 V s
−1
. 
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Therefore, electrochemical activation, or pre-treatment of the SPCEs has been deemed 
necessary for optimum electrochemical performance. Short pre-anodisation periods, at a 
high positive polarisation potential, have shown to increase the electrochemical activity for 
a wide range of irreversible and quasi-reversible redox processes [173, 185, 186, 191]. This 
is usually based on either increasing the density of oxygenated groups on the electrode 
surface or increasing the exposure of the electro active graphitic particles [190]. 
Voltammetric behaviours of the SPCEs before and after treatment were examined using a 
benchmark ferricyanide redox system [173]. An increase in surface functionality, surface 
roughness, and the removal of surface contaminants by SPCE pre-treatment would increase 
the heterogeneous transfer constant for a ferricyanide couple ([Fe(CN)6]
3−/[Fe(CN)6]
4−), thus 
enhancing electrochemical reversibility, and improving analytical performance [190]. Cyclic 
voltammograms (CVs) clearly exhibited anodic and cathodic redox peaks, illustrating a good 
reversible behaviour towards the redox couple (Figure 5.10).  
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Figure 5.10 - Cyclic voltammograms illustrating the electrochemical ‘ferricyanide probe’ characterisations of 
pre-treated SPCEs using 5 mM potassium ferricyanide solution containing 0.5 M KCl at a scan rates of 10, 25, 
50, 100, 200 and 400 mV s
−1
. Inset: Plot of Ip obtained from the CVs of ferricyanide using pre-treated SPCEs 
against the square root of the scan rate. 
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CV measurements were also adapted to determine the enhancement in the 
electrochemically active area. Thus, the scan rate was varied from 10 to 400 mV s-1 and CVs 
were recorded, see Figure 5.10. The slight variations in the positions of peak currents with 
scan rates suggest the quasi-reversible nature of the electrode processes [173, 190]. The 
inset shows a near linear plot of the anodic peak current (Ip) of the redox process against the 
square root of the scan rate demonstrating a diffusion controlled process (R2 = 0.971). The 
slope of which was used to estimate the electrochemically active surface areas (A) of the 
SPCEs using Equation 5.2. 
 
Ip = (2.687×105)n3/2v1/2D1/2AC0 
 
Equation 5.2 - Randles-Sevcik equation describing the relation between peak current, concentration and 
scan rate. Ip is the peak current (A), C
0
 is the concentration (mol cm
-3
), v is the scan rate (V s
-1
), D is the 
diffusion coefficient (0.76 × 10
−5
 cm
2
 s
−1
 for ferricyanide), A is the electrode area (cm
2
) and n is the number of 
electrons transferred in the redox event (usually 1) [185, 186]. 
 
Approximate electrochemically active surface areas (A) were found to be 0.08±0.02 cm2 
before pre-treatment and 0.13±0.02 cm2 after pre-treatment, and thus roughness factors 
(Rf = A/Ageom) were calculated for SPCEs to be 0.6±0.1 and 0.8±0.1 respectively; where Ageom 
is geometrical surface area of working electrode of SPCEs (4 mm diameter, 0.126 cm2). Thus 
electrochemically active SPCE surface areas were effectively increased. Moreover, 
alternative electrochemical pre-treatments were also investigated. Potentials were applied 
and swept at two other ranges (-0.5 and 1.5 V) and (-1 and 1.0 V), both in H2SO4 (0.5 M) at 
0.1 V s−1, again for 25 scans until reproducible voltammograms were observed. However, no 
significant difference was noted between the three pre-treatments in terms of SPCE 
behaviour towards the redox couple.  
 
5.2.2.2.2 E-MIP Investigations 
Figure 5.11 illustrates typical CVs for the ECIP of PAM, without the presence of any template, 
to form a non-imprint control (NIP) at SPCE surfaces. PAM concentrations were at 6% T, 10% 
C. It can be seen that the currents of the cycles decrease rapidly with the number of cycles, 
which is attributed to the non-conducting (insulating) PAM membrane layer formed on the 
electrode surface. This is especially true for the MIP in which the dielectric properties and 
permeability of the polymer membrane are dictated by the presence of BHb template.  
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Figure 5.11 - Typical cyclic voltammograms (cycles 1 - 5) illustrating the ECIP of PAM (6% T, 10% C) in PBS (pH 
7.2) on pre-treated SPCEs at a scan rate of 20 mV s
−1
. 
 
Characterisation of SPCEs before and after polymer modification was electrochemically 
evaluated using the same external Fe(CN)6
3− probe. The extent of polymerisation across 
both untreated and pre-treated SPCEs was also assessed (Figure 5.12). Once polymer 
modification has occurred, the diffusion of Fe(CN)6
3− should no longer be possible (i.e. no 
redox signal is observed), corroborating a successful PAM polymerisation.  
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Figure 5.12 - Cyclic voltammograms illustrating the electrochemical ‘ferricyanide probe’ characterisations of 
bare and non-imprint PAM control (NIP) polymer modified SPCEs, untreated and pre-treated (+), using 5 mM 
potassium ferricyanide solution containing 0.5 M KCl at a scan rate of 50 mV s
−1
. 
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It was observed that pre-treated SPCEs generally exhibited higher performance in-terms of 
the heterogeneous transfer constant for the ferricyanide couple, and consequently had a 
higher capacity for surface polymer modifications. Using Equation 5.1 it was estimated that 
the apparent surface coverage of pre-treated SPCEs by a PAM hydrogel layer (6% T, 10% C) 
was around 89±7%. Whereas untreated SPCEs had an apparent surface coverage of around 
56±10% under the same conditions. Hence, pre-treatment illustrated an approximate 30% 
improvement in SPCE performance in terms of polymeric surface coverage.  
 
DPV was again employed for analytical application to study the rebinding due to its high 
sensitivity. The principle that the MIPs molecular recognition process diminishes the mass-
transport of [Fe(CN)6]
3−, and hence reducing the electrochemical signal, remains unchanged. 
Thus, the supposition is that with increased template rebinding concentrations more 
imprinted sites would be occupied, and hence DPV peak currents are reduced accordingly. 
Thus, the reduction current (ΔI) is proportional to the concentration of rebound template. 
However, imprinting at 25 µg mL-1, due to limited volumes/concentrations in which sample 
were supplied, exhibited several problematic MIP scenarios. Templates BHb (0.4 µM), PSA 
(0.9 µM) and EN2 proteins, along with TMV (0.6 nM), RCNMV (3.6 nM) and M13KO7 (0.7 
nM) pathogens were either unsuccessfully removed in the elution process using the 
previously optimised strategy (10% (w/v):10% (v/v) SDS:AcOH (pH 2.8) solution for 2 hrs 
followed by a solution of 0.5 M H2SO4 for 1 hr), and/or exhibited little to no rebinding at low 
rebinding concentrations (0.008, 0.04, 0.2, 1 and 5 µg mL-1). Typical DPV rebinding 
measurements illustrated no apparent trend in current change. Consequently, calibration 
curves from apparent peak current changes of template rebinding were plotted and showed 
no correlation or linearity (Figure 5.13). Thus, neither LOD nor LOQ could be determined.   
 
One of the problems encountered, when attempting to form MIPs for large molecules, is the 
choice of the functional monomer that can easily bind templates and form robust imprinting 
cavities after removal [39]. Owing to the large size of proteins/pathogens, it is essential for 
effective MIP design and synthesis to also control the size and number of pores generated 
during synthesis, along with the density of the MIP network [36, 47]. Therefore, the 
efficiency of the proposed MIP-SPCE is totally dependent upon the property of imprinted 
polymer. Thus, PAM gel densities were investigated at 6% and 8.5% T, AAm/MBAm (w/v) 
and cross-linking densities at 10% and 12% C (w/w) for all hydrogels. Moreover, to further 
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optimise ECIP parameters, MIP deposition was investigated at different scan rates of 20, 50 
and 75 mV s-1 for either five or ten cycles, again using the same potential range of −0.2 V 
and −1.4 V. Parameters were chosen on the premise of previous observations where rigidly 
coupled, yet impermeable membranes were formed entrapping irremovable templates if 
slow potential scan speeds (≤ 20 mV s-1) and too many CV cycles (≥ 10) were applied.  
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Figure 5.13 - Calibration plot illustrating no linear dynamic range as ΔI has no correlation with increasing 
concentration of PSA. DPV parameters using 5 mM potassium ferricyanide solution containing 0.5 M KCl: 
scan rate of 50 mV s
−1
, a step width of 0.1 s, a step potential of 5 mV, the pulse width and pulse amplitude 
were 50 mV. Data represents mean ± S.D., n = 3. 
 
Table 5.2 below illustrates a full summary of all variables and parameters investigated for 
initial imprinting concentrations of 25 µg mL-1. MIP effect outcomes towards their native 
templates are demonstrated using final DPV peak current responses for corresponding 
protein and pathogen templates at fixed rebinding concentrations of 5 µg mL-1 at 30 min of 
exposure. From the data, it can be deduced that little sensitivity is exhibited using the 
external [Fe(CN)6]
3− probe. Responses were sporadic, and no clear trend could be 
determined as to which parameters were contributors towards the optimisation of the MIP-
SPCEs. Negative responses illustrate in increase in peak current once exposed to 5 µg mL-1 of 
template. This inconsistent response is most likely due to swelling of the polymer gels and 
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allowing for the redox tracer to eventually adsorb to the surface of the SPCE over extended 
periods of [Fe(CN)6]
3− exposure. This is a major drawback in terms of sensor reusability and 
sensitivity. Again rebinding at lower end concentrations (0.008, 0.04, 0.2 and 1 µg mL-1) 
exhibited the same convoluted and un-definitive responses.   
 
Table 5.2 - Tabulated peak current changes (ΔI, µA) using DPV analysis of MIP-SPCEs in response to loadings 
of 5 µg mL
-1 
of respective template, and the experimental parameters investigated at initial imprinting 
concentrations of 25 µg mL
-1
. Data represents mean ± S.D., n = 3. 
Template Polymer Density Cycles/Scan Speed (mV s-1) Response (ΔI, µA) 
BHb 
6% T , 10% C 
5 x 20 -10.5±2.2 
5 x 50 9.4±0.6 
10 x 75 5.4±0.8 
8.5% T, 12% C 
5 x 20 4.1±0.2 
5 x 50 -12.2±2.3 
10 x 75 1.5±0.4 
PSA 
6% T , 10% C 
5 x 20 8.3±0.9 
5 x 50 -15.4±0.8 
10 x 75 3.2±0.5 
8.5% T, 12% C 
5 x 20 6.2±0.4 
5 x 50 4.1±0.7 
10 x 75 1.2±0.4 
EN2 
6% T , 10% C 
5 x 20 -8.3±0.8 
5 x 50 6.1±1.4 
10 x 75 3.5±1.5 
8.5% T, 12% C 
5 x 20 -2.4±0.8 
5 x 50 -7.2±0.4 
10 x 75 4.3±0.7 
TMV 
6% T , 10% C 
5 x 20 -12.4±3.3 
5 x 50 -8.2±2.3 
10 x 75 7.2±2.3 
8.5% T, 12% C 
5 x 20 1.1±11.4 
5 x 50 8.4±2.2 
10 x 75 4.4±0.8 
RCNMV 
6% T , 10% C 
5 x 20 7.2±2.3 
5 x 50 5.4±0.8 
10 x 75 3.2±2.4 
8.5% T, 12% C 
5 x 20 7.4±0.7 
5 x 50 7.3±3.4 
10 x 75 5.3±0.4 
M13KO7 
6% T , 10% C 
5 x 20 -6.3±2.5 
5 x 50 6.5±3.4 
10 x 75 -2.5±4.4 
8.5% T, 12% C 
5 x 20 -7±0.5 
5 x 50 -3.4±10.4 
10 x 75 4.1±2.1 
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One postulation is that at initial imprinting concentrations of 25 µg mL-1 molar ratios of 
monomer and cross-linker to templates were extremely high respectively for each MIP. For 
example molar ratios of monomer to template and cross-linker to template PSA were 
8.4x105:1 and 4.3x104:1 respectively; while even higher ratios were determined for 
pathogens, such as TMV (1.3x109:1 and 6.5x107:1). Recent studies have shown that 
conformational stability of labile biomacromolecules is one of the main factors that prevent 
the direct extension of successful procedures from the small molecule regime [79, 140, 141]. 
Frequently employed monomers and cross-linkers, including AAm and MBAm, induced 
significant changes in secondary structures of several proteins. Molar ratios of monomer to 
template and cross-linker to templates in the region of 2000:1 and 500:1 were illustrated to 
have over a 50% reduction of α-helical content in original conformational stability. The 
hypothesis is that changes in template structure prior to polymerisation could lead to 
binding sites formed during polymerisation to be specific to this alternate conformation and 
not the native biological template.  
 
Kryscio et al. also noted that most literature reports ratios well above the investigated 
region of significance. However, such high ratios are often required to form monolithic 
cross-linked polymers with structural integrity and capacity to function as MIPs [39]. Owing 
to the large size of proteins, it is essential for effective MIP design and synthesis to control 
the size and number of pores generated during synthesis, along with the density of the MIP 
network [36, 47]. However, design polymers usually sacrifice density of the polymer 
network to facilitate protein transfer [39]. It is well known that low density MIPs are less 
stable [36, 47]. The decreased density of some polymers inevitably means that imprint 
recognition and binding efficiency are easily lost after just a few rounds of regeneration. 
Moreover, pore size and functional group availability on the polymer surface are more liable 
to change over time under harsh conditions (e.g. high temperature and strong acid).  
 
5.2.2.2.3 Metal-coded E-MIP Investigations 
In light of the previously applied method of probing MIP-SPCEs by external [Fe(CN)6]
3− being 
unsuccessful, this section describes a new generation of portable, cheap, disposable and 
reusable electrochemical sensing synthetic receptor, based on the introduction of a redox 
tracer inside MIP cavities. Thus, the aim of this study is to discriminate between 
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proteins/pathogens via modifying the surface of SPCEs with an electro-generated metal-
coded MIP for the direct electrochemical determination of non-electro active biological 
targets. Section 3.2.1.4 reported the successful integration of metal complexes within PAM 
hydrogels for BSA imprinting, dubbed ‘metal-coded MIPs’. This metal ion-mediated 
imprinting approach introduced additional functionality into MIP recognition sites (by 
providing Lewis acid sites to bind Lewis bases such as amines) with the intention of 
providing an essential redox centre for the development of electrochemical biosensors. 
Metal ion-mediated imprinting has long been employed within the imprinting processes, 
and has recently been used for electrochemical sensors [9, 12, 103]. Thus, iron(III) 
chloroprotoporphyrin IX (Hemin), vinylferrocene (VFc), tin(IV) protoporphyrin IX dichloride 
(SnPP), and Co(II)-complex were investigated as additional functional group co-monomers 
for enhanced template association, and for their electrochemical activity. These complexes 
were chosen on the basis that metal ions in metalloporphyrin-based receptors can serve as 
Lewis acid sites to bind Lewis bases such as amines [97].  
 
In order to ascertain the metal-centre redox potentials, complexes were first dissolved in 
DMF and a solution of PBS buffer (pH 7.2) containing 0.5 M KCl as supporting electrolyte at a 
concentrations of 0.2 mM for CV measurements (Figure 5.14). Regarding the Co-complex, 
both the cathodic potential 0.99 V (Ic1) and the corresponding anodic potential -0.5 V (Ia1) 
can be assigned to reduction and oxidation of the coordinated hydrazone ligand in 
accordance to Bikas et al. [192]. The anodic peak at 0.37 (Ia2) can be attributed to the 
oxidation of Co2+ to Co3+. VFc exhibited typical iron redox potentials. However, the ΔE value 
obtained of 98 mV was not close to the ideal 57 mV value, which is indicative of the SPCEs 
nature [173]. Likewise, Hemin is supposed to give rise to a pair of reversible peaks at −0.44 
and −0.32 V corresponding to the Fe3+/Fe2+ redox couple in the centre of Hemin (formal 
potential, E0 = −0.38 V) [173]. However, SPCEs exhibited only cathodic peaks (Epc) which 
shifted to -0.38 V.  
 
For the integration and imprinting of metal-coded E-MIPs for direct electrochemical 
interrogation, appropriate amounts of complexes Hemin, VFc, SnPP, or Co-complex were 
dissolved in DMF and added to give final concentrations of 0 - 0.2 mM within the ECIP MIP 
/NIP solutions. Final gel densities were also investigated at 6 and 8.5% T, AAm/MBAm (w/v) 
and cross-linking densities at 10% and 12% C (w/w) respectively for all hydrogels. The 
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previously external potassium ferricyanide probe was also investigated internally by 
incorporation into the MIP’ing process. Despite potassium ferricyanide lacking the vinyl 
functional groups to covalently integrate within the polymer matrix, its entrapment in the 
polymers architecture through other attractive ionic forces could also provide an alternative 
for MIP recognition sites. However, it was noted that both, in bulk and in the ECIP process, 
polymerisation did not occur. One possibility is that the free ions are quenching or inhibiting 
the production of free radicals.   
 
 
Figure 5.14 - Typical cyclic voltammogram profiles of free metal-complexes (0.2 mM) (A) VFc, (B) Hemin, (C), 
SnPP and (D) Co-complex in PBS buffer (pH 7.2) containing 0.5 M KCl as supporting electrolyte.  
 
Voltammograms of the ECIP process for each of the metal-coded E-MIPs are illustrated in 
Figure 5.15. Again the currents of the cycles decrease rapidly with the number of cycles, 
which is attributed to the non-conducting (insulating) PAM membrane layer formed on the 
electrode surface. Imprinting was investigated at 25 µg mL-1 using either BSA (0.4 µM), PSA 
(0.9 µM), or TMV (0.6 nM) protein/pathogen templates. These templates were chosen as 
representatives of three varied biomolecule sizes (66.8 kDa, 28 kDa, and 40 MDa, 
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respectively) and nature (i.e. BSA being an inexpensive and common protein; PSA being a 
cancer marker and TMV a pathogen). Moreover, ECIP parameters were conducted at scan 
rates of 20 mV s-1 for either five cycles, again using the same potential range of −0.2 V and 
−1.4 V. Parameters were chosen on the premise of previous observations where rigidly 
coupled, yet impermeable membranes were formed entrapping irremovable templates if 
slow potential scan speeds (≤ 20 mV s-1) and too many CV cycles (≥ 10) were applied. 
 
 
Figure 5.15 - Typical cyclic voltammograms illustrating the ECIP of metal-coded EMIPs using PAM (6% T, 10% 
C) and redox probe metal tracers (0.2 mM) (A) VFc, (B) Hemin, (C) SnPP and (D) Co-complex, in PBS (pH 7.2) 
on pre-treated SPCEs at scan rates of 20 mV s
−1 
for five cycles.  
 
DPV was again employed for analytical application to characterise the previously assessed 
redox potentials of the metal complexes within the PAM architecture due to its high 
sensitivity. DPV analysis of the metal-coded E-MIPs was performed using 30 µL PBS buffer 
(pH 7.2) containing 0.5 M KCl as supporting electrolyte. Hence, metal coded E-MIP and E-NIP 
modified SPCEs were directly characterised by the polymer-encoded metal tag redox 
potential. Thus, once electropolymerised, modified SPCEs (MIP and NIP) were immersed 
firstly in a 10% (w/v):10% (v/v) SDS:AcOH (pH 2.8) solution for 1.5 hrs followed by a solution 
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of 0.5 M H2SO4 for 1 hr and then equilibrated in PBS before being analysed to access the 
removal/elution of template protein/pathogen. However, of the four metal-tags 
incorporated into the PAM matrix at concentrations of 0.05, 0.1, 0.15 and 0.2 mM, only the 
highest concentrations of 0.15 mM and 0.2 mM revealed any transducible current signals in 
the instance of both Hemin and Co-complex (Figure 5.16).   
 
Figure 5.16 - Differential pulse voltammograms obtained in in PBS solution containing 0.5 M KCl for varying 
concentrations of (A) Co(II)complex-coded and (B) Hemin-coded PAM BSA-MIP modified SPCEs after 
template BSA elution. Parameters: scan rate of 50 mV s
−1
, a step width of 0.1 s, a step potential of 5 mV, the 
pulse width and pulse amplitude were 50 mV. 
 
Reloading of BSA at varying concentrations (0.008, 0.04, 0.2, 1 and 5 µg mL-1) occurred 
directly at the SPCEs surface. The principle that the MIPs molecular recognition process 
diminishes the mass-transport of the metal tags imbedded within the PAM hydrogel matrix, 
and hence reduces the electrochemical signal, remains unchanged. Thus, the supposition is 
that with increased template rebinding concentrations more imprinted sites would be 
occupied, and hence DPV peak currents are reduced accordingly. Thus, the redox currents of 
respective metal tags (ΔI) would be proportional to the concentration of rebound template. 
Thus, the oxidation peaks of Co(II)-complex coded BSA-MIPs for example, should decrease 
with time upon the addition of BSA template, since MIP-BSA binding should block or hinder 
the electron transfer of the metal tags. DPV responses were allowed to reach a steady at 10 
min (5 min interval measurements from 0 to 20 min) where either complete binding was 
believed to occur or no change in signal was observed. Therefore, 10 min of binding was 
allowed before recording the response of each metal-coded E-MIP and corresponding E-NIP. 
Again, little sensitivity was exhibited using the internal redox probes. Responses were 
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sporadic, and no clear trend could be determined as to which parameters were contributors 
towards the optimisation of the metal-coded E-MIP SPCEs. Typical DPV rebinding 
measurements for both metal tags illustrated no apparent trend in current change. 
Moreover, the signal to noise ratio (S/N) was substantially high and proved cumbersome to 
determine any reliable change in current. Consequently, calibration curves from apparent 
peak current changes of template rebinding were plotted and showed no correlation or 
linearity (Figure 5.17). Thus, neither LOD nor LOQ could be determined. 
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Figure 5.17 - Calibration plot illustrating no linear dynamic range as ΔI of the 0.2 mM Co(II)-complex metal 
tag has no correlation with increasing concentration of BSA within a 6% T and 10% C PAM MIP. DPV 
parameters using BSA (0 – 5 µg mL
-1
) in PBS (pH 7.4) containing 0.5 M KCl: scan rate of 50 mV s
−1
, a step 
width of 0.1 s, a step potential of 5 mV, the pulse width and pulse amplitude were 50 mV. Data represents 
mean ± S.D., n = 3. 
 
Table 5.3 below summarises the investigated parameters for initial imprinting 
concentrations of 25 µg mL-1 using 0.2 mM of both internal metal tags. MIP effect outcomes 
towards their native templates are demonstrated using final DPV peak current responses for 
corresponding protein and pathogen templates at fixed rebinding concentrations of 5 µg 
mL-1 after 10 min in which DPV responses reached a steady state. Again, ΔI data, exhibited 
little sensitivity towards template reloading. Responses were sporadic, and no clear trend 
could be determined as to which parameters were contributors towards the optimisation of 
the metal-coded E-MIP SPCEs.  
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Table 5.3 - Tabulated peak current changes (ΔI, µA) using DPV analysis of 0.2 mM Co(II)-complex
a
 and 
Hemin
b 
coded E-MIP SPCEs in response to loadings of 5 µg mL
-1 
of respective template, and the experimental 
parameters investigated at initial imprinting concentrations of 25 µg mL
-1
 and ECIP speed sans of 20 mV s
-1 
for 5 cycles. Data represents mean ± S.D., n = 3. 
Template Polymer Density Response (ΔI , µA)
a 
Response (ΔI , µA)
b 
BSA 
6% T , 10% C 2.3±0.6 0.8±0.1 
8.5% T, 12% C 1.8±1.3 2.8±1.8 
PSA 
6% T , 10% C 5.1±0.8 2.1±0.5 
8.5% T, 12% C 0.9±0.4 1.5±0.9 
TMV 
6% T , 10% C 3.1±1.2 4.5±1.8 
8.5% T, 12% C 5.3±0.6 2.3±0.9 
 
5.2.2.2.4 SPCE Surface Analysis 
5.2.2.2.4.1 Contact Angle (CA) Analysis  
Contact angle (CA) measurements of SPCEs were conducted according to section 2.4.2.2.6. 
This describes the shape of a fluid drop (MilliQ water) in contact with a solid, in this case the 
carbon working electrode of the SPCEs. Generally, CA measurements are used industrially to 
determine the cleanliness of surfaces, with applications from electronics materials such as 
semiconductors and hard disks all the way to metal working *193+. CA measurements can 
also be used to derive wettability parameters, for both absorbing and non-absorbing 
materials, along with surface energy, and find application in evaluating surface treatments 
such as corona and plasma processing. Figure 5.18 illustrates the resulting CA analysis of the 
SPCEs at different experimental stages. The untreated SPCE surfaces, Figure 5.18 A, which 
supposedly have excess polymeric binders present, had angles (θ) of around 52±2°. The 0.5 
M H2SO4 pre-treated SPCEs (Figure 5.18 B) also shared similar vales (θ = 56±2°), both 
showing good adhesiveness and wettability. A comparison between untreated and pre-
treated SPCEs after modification with a PAM layer by ECIP, Figure 5.18 C and D respectively, 
revealed higher θ values of (θ = 74±3°) and (θ = 70±2°) respectively. Thus, the polymeric 
PAM layer increased θ values by 18±2°. Hence changing the surface tension and increasing 
the hydrophobicity; whereas no significant difference in θ is noted concerning the pre-
treatment of SPCEs before or after polymer modification.  
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Figure 5.18 - CA analysis images of DropSense SPCEs: (A) bare, untreated; (B) bare, pre-treated; (C) modified 
with a PAM non-imprinted control (NIP); (D) modified with a PAM bovine haemoglobin (BHb) imprinted MIP.  
 
5.2.2.2.4.2 Scanning Electron Microscopy (SEM) 
Scanning electron microscopy (SEM) is an imaging technique in which the surface of a 
sample is scanned using a high-energy electron beam to scan the surface in a raster scan 
pattern [52, 194, 195]. The electrons from the beam interact with the atoms in the sample 
in order to produce signals which give information on the sample’s surface topography, 
composition, and other properties such as electrical conductivity of the sample [52, 194]. 
Figure 5.19 A - D illustrates the resulting SEM images of SPCEs at different experimental 
stages. All electrode surfaces displayed similar configurations of randomly oriented graphite 
particle. The untreated surface, Figure 5.19 A, is relatively smoother and has a denser matrix, 
compared to the H2SO4 (0.5 M) pre-treated SPCE (Figure 5.19 B) which could be due to 
excess presence of the polymeric binders. A comparison between the surface coverage of an 
ECIP PAM layer on both untreated and pre-treated SPCEs is also illustrated, Figure 5.12 C 
and D respectively. Untreated SPCEs revealed incomplete or inadequate polymer surface 
A B 
C D 
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coverage compared to pre-treated SPCEs. This is evident by the defects or exposed graphite 
layers of the original SPCE surface (highlighted in red, Figure 5.12 C), compared to the 
homogeneous polymer coating exhibited by the pre-treated SPCEs (Figure 5.12 D). 
 
  
  
Figure 5.19 - SEM images at 5 kV of DropSense SPCEs: (A) bare, untreated; (B) bare, pre-treated; (C) modified 
with a PAM non-imprinted control (NIP) layer; (D) modified with a PAM NIP layer after pre-treatment. 
Highlighted areas illustrate the inadequate/ incomplete surface coverage of the SPCE. 
 
5.2.2.2.4.3 Atomic Force Microscopy (AFM) 
The SPCE surface morphology was investigated with atomic force microscopy (AFM); this is a 
type of scanning probe microscopy. Typically, AFM is extensively used to acquire 
topographical data from the surface of a material to construct a 3-D image. Previous surface 
roughness of 2.99 μm, expressed as Ra (arithmetic mean deviation of the roughness profile), 
of untreated DropSense SPCEs have been carried out using 3D non-contact optical 
A B 
C D 
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profilometery [173]. While various surface area enhancements resulting from solvent 
treatments have reported AFM roughness in-terms of root mean squared (RMS) to be 
between 1.4 µm and 210 nm [190, 191]. Topographic analysis of the SPCEs at different 
experimental stages using AFM provided RMS surface roughness measurements of 35 nm 
for Untreated SPCEs Figure 5.20 A. Whereas PAM layer modifications by ECIP depicted 
morphological characteristics between 44 nm and 67 nm for control non-imprint (NIP) PAM 
layers and BHb MIP PAM layers respectively (Figure 5.20 B and C).  
 
  
  
Figure 5.20 - AFM micrographs at 10 µm scan sizes of untreated SPCEs: (A) bare; (B) modified with NIP PAM 
layer; (C) modified with BHb PAM MIP layer; (D) modified with BHb PAM MIP layer after elution of protein. 
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The higher roughness demonstrates the polymers significance in changing the surface 
morphology, especially with the presence of entrapped BHb protein (≈ 5 nm in diameter). 
Comparative studies of the elution process and how its role in removing template imprints 
effects the PAM layer between MIP and NIP were investigated. After successful protein 
elution, characterised electrochemically using techniques previously illustrated in section 
5.2.2.2.2, PAM BHb-MIP layers illustrated RMS roughness’s of 56 nm (Figure 5.20 D), 
whereas eluted PAM NIP layers were at 38 nm (figure not shown). This supports the 
supposition that protein is successfully entrapped at the SPCE surface and is also accessible 
by the eluent for efficient removal and later rebinding.  
 
5.3 Summary 
Electrochemical and PCA coupled methods proved to be efficient for discriminating four 
proteins at 15.4 µM (BHb, Mb, BSA and Cyt C). Glassy carbon electrodes (GCEs) modified 
with either a bulk MIP or NIP layer were used as a rapid electrochemical sensor to 
discriminate between the latter four proteins. At high concentrations, the selective nature 
and integrity of MIPs delays the protein response and leads to an obvious difference 
between MIP and NIP performance. At lower concentrations, such discriminations were 
difficult due to an apparent lack of critical protein agglomeration and/or complete 
denaturation of protein molecules impeding optimum protein binding within cavities. With 
the use of PCA, protein discrimination has been achievable at faster detection rates (< 10 
min). These results suggested that PCA could be used to interrogate and discriminate 
between proteins when hydrogels are integrated to electrochemical sensors.  
 
In a bid to move away from laborious bulk imprinting methodologies, GCE electrodes were 
modified by electrochemically induced redox polymerisation (ECIP) of acrylamide to 
fabricate PAM thin-film hydrogel layers. MIP selectivity between two proteins of similar MW 
(hemoglobin and serum albumin) were compared across three different species, namely 
porcine (pig), bovine (cow) and human with the aid of chemometrics, i.e. pattern 
recognition and multivariate analysis. MIPs, along with non-imprint controls (NIP) on GCE 
sensor applications were able to demonstrate protein profiling and speciation within the 
pattern recognition system. LOD and LOQ were 16 µg mL−1 (0.26 mM) and 56 µg mL-1 (0.87 
mM) respectively for BHb. This alternative MIP-based synthetic approach offers potential 
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for rapid in-field testing (i.e. discrimination and authenticity of meat samples) based on 
analysing protein levels and profiles with minimal sample preparation. 
 
The latter ECIP methods were also transposed onto disposable screen-printed carbon 
electrodes (SPCEs) fabricated via thick-film (screen-printing) technology. SPCEs offer an 
attractive opportunity for the development of miniaturised low cost electrochemical 
sensors for the detection of bio-analytes in POC testing and OSD monitoring [190, 191]. The 
method describes electrochemical measurements performed using DropSense SPCEs, 
retailing under £1.60, connected to an EmStat 2 portable potentiostat (Palm Sense 
instruments BV, Netherlands). Thus, a new generation of portable, cheap, disposable and 
potentially reusable electrochemical sensing synthetic receptor based on the introduction of 
a redox tracers (both externally as a probe and within the MIP matrix) using ECIP techniques 
(see Figure 5.21).  
 
Figure 5.21 - Proposed electrochemical setup for in-situ analysis using inexpensive portable lab-based 
equipment. Schematic illustrates the tobacco mosaic virus (TMV) as the template, and upon removal and 
rebinding an iron-based redox probe is used for signal transduction. Multiple target analytes could 
potentially be screened out and using multivariate analysis that rely on pattern recognition.  
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However, little sensitivity was exhibited using the external Fe(CN)6
3− probe. Responses were 
sporadic, and no clear trend could be determined as to which parameters were contributors 
towards the optimisation of the MIP-SPCEs. Typical DPV rebinding measurements illustrated 
no apparent trend in current change. Consequently, calibration curves from apparent peak 
current changes of template rebinding were plotted and showed no correlation or linearity. 
Thus, neither LOD nor LOQ could be determined.  In light of this, introduction of the redox 
tracer inside MIP cavities was investigated as metal coded-tags. The hypothesis was 
proteins/pathogens recognition via modifying the surface of SPCEs with an electro-
generated metal-coded MIP for the direct electrochemical determination of non-electro 
active biological targets. However, of the four metal-tags incorporated into the PAM matrix 
at concentrations of 0.05, 0.1, 0.15 and 0.2 mM, only the highest concentrations of 0.15 mM 
and 0.2 mM revealed any transducible current signals in the instance of both, Hemin and 
Co-complex. Again, ΔI data, exhibited little sensitivity towards template reloading. 
Responses were sporadic, and no clear trend could be determined as to which parameters 
were contributors towards the optimisation of the metal-coded E-MIP SPCEs. Typical DPV 
rebinding measurements for both metal tags illustrated no apparent trend in current change. 
Moreover, the signal to noise ratio (S/N) was substantially high and proved cumbersome to 
determine any reliable change in current.  
 
5.4 Further Development 
5.4.1 Buffer Optimisations 
In previous sections (3.2.1.3 and 3.2.2.2) the effect of buffer solution conditions was also 
investigated for the washing and re-loading phases within HydroMIPs for protein 
recognition. Acidification had a detrimental effect on MIP selectivity. This was likely due to 
protonation of both protein and MIP itself and the ensuing electrostatic repulsion, not 
allowing the protein to occupy MIP cavities. Results showed that the binding selectivity of 
the MIP over NIP for the template could be drastically improved by the optimisation of 
buffer composition, pH conditions and depending on ionic strength and the hydrogen 
bonding capability of the chosen buffer (pH 7.4). Therefore, decreasing the pH of the buffer 
solution had a negative impact on MIP selectivity (MilliQ water pH 5.4). Thus, further studies 
into buffer effects upon improving hydrogel selectivities and affinities for protein/pathogen 
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recognition could be investigated. The latter investigated buffers, along with a range of 
various other organic and inorganic buffers, such as borate buffer, veronal-acetate buffer, 3-
(N-morpholino)propanesulphonic acid (MOPS) buffer and collidine buffer (pH 7.25-7.74), 
could be utilised upon all HydroMIP variations. This would offer an insight into pH ranges, a 
comparison between organic and inorganic buffer efficiency and ultimately a hydrogel 
buffer databank. 
 
5.4.2 MIP Variations 
One of the problems often encountered when attempting to form MIPs for large molecules, 
is the choice of the functional monomer that can easily bind templates and form robust 
imprinting cavities after removal *39+. Previous MIP investigations, both in bulk and QCM 
application have utilised PAM, PNHMA and PNiPAm hydrogels respectively; and as a direct 
result have demonstrated varied MIP responses.  In contrast, all electrochemical MIP studies 
have focused solely on the use of PAM hydrogels using AAm and MBAm as a cross-linker. 
Thus, further electrochemical MIP optimisations could involve investigating this variety of 
polymers, amongst other different monomer and cross-linker combinations and variations as 
specified previously in section 3.4.2. Moreover, at initial imprinting concentrations of 25 µg 
mL-1 molar ratios of monomer to template and cross-linker to templates were around 
8.4x105:1 and 4.3x104:1 for PSA, 1.3x109:1 and 6.5x107:1 for TMV, respectively for each MIP. 
It has recently been postulated that frequently employed monomers and cross-linkers, such 
as AAm and MBAm, induce significant changes in the secondary structures of proteins. 
Molar ratios of monomer to template and cross-linker to template proteins in the region of 
2000:1 and 500:1 were illustrated to have over a 50% reduction of α-helical content in the 
original conformational stability of the protein *79, 140, 141+. Therefore, conformational 
stability of labile biomacromolecules is one of the main factors that prevent the direct 
extension of successful procedures from the small molecule regime. Thus, in an effort to 
reduce the ratio and impart less negative effects, initial template imprinting could also be 
investigated at 5 mg mL-1 (7.75 µM) using inexpensive BHb. At this concentration a 
comparison to previously successful imprinting strategies using GCEs in section 5.2.2.1 can 
be drawn upon. Moreover, this would allow for the creation of more accessible imprinted 
cavity sites at the SPCE surface, owing to the transfer of the redox ferricyanide tracer. Thus, 
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molar ratios of monomer to template and cross-linker to template BHb protein would be 
around 98064:1 and 5022:1 respectively. 
 
Furthermore, Fatoni et al. developed a MIP cryogel for microalbumin (LOD = 5.0×10−5 mg L−1 
of human serum albumin (HSA)) detection by grafting chitosan-AAm, MBAm (as cross-linker), 
ferrocene (as redox mediator) and graphene (as an electron transfer enhancer) composites 
on gold electrode rods [106]. Detection was achieved via similar methods described herein, 
whereby utilising the entrapped redox mediator in the cryogel. It was demonstrated that 
the electrochemical detection was improved by the presence of graphene (0.75 mg mL−1) 
composited within the polymer. Graphene is noted for its high charge mobility (200 000 cm2 
V−1 s−1), wide potential windows, and well-defined redox peak [106]. Thus, the proposition 
was that upon addition, graphene would induce the electron transfer. A comparison of two 
configuration methods of graphene addition was compared. Higher sensitivities (1.3 times 
higher) were exhibited with a heterogeneous dispersion into the cryogel composite 
compared to a monolayer on the electrode surface. Therefore it may be possible to increase 
the signal transduction of the ECIP MIP hydrogels using additions of graphene within PAM 
matrices. However, Fatoni et al. also report that using optimal graphene conditions, 
template HSA concentration was studied in the range of 5.0 to 30.0 mg mL−1. The higher end 
of this range is an extremely high concentration and could have a drastic effect on the 
optimum polymer network density to facilitate protein transfer [39]. It is well known that 
low density MIPs are less stable [36, 47]. The decreased density of some polymers inevitably 
means that imprint recognition and binding efficiency are easily lost after just a few rounds 
of regeneration. Moreover, pore size and functional group availability on the polymer 
surface are more liable to change over time under harsh conditions (e.g. high temperature 
and strong acid).  
 
Regarding the metal complexes that did not exhibit redox potentials due to their inactivity, 
the external potassium ferricyanide probe could again be implemented. This would give rise 
to assessing their ability to enhance the ion-mediated electron transfer during MIP 
rebinding.  Thus, metal complexes both electrochemically active and inactive could be 
characterised according to section 2.4.2.2.2.   
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6   Chapter Six 
Conclusions and Future Work 
 
6.1 Conclusions 
A variety of hydrogel-based MIPs have been characterised for their imprinting efficiency of 
proteins and pathogens using spectrophotometric, acoustic and electrochemical sensor 
techniques. MIP hydrogels of acrylamide-based polymers were investigated both, in bulk 
and as integrated thin films electrochemically deposited onto electrode surfaces. In 
summary, overall studies showed that several imprinted polymers had good sorption 
capacities and specific recognition for several protein/pathogens as template molecules. 
These investigated HydroMIPs are capable of nano-selectively recognising biomolecules in 
medicine, food and the environment. HydroMIPs are slowly proving themselves as viable 
alternatives to both, antibodies and enzymes. Furthermore, their long-term stability makes 
them suitable for any choice of analyte. Thus, investigating the development of highly 
selective capture reagents, such as antibodies, provide an inexpensive, fast, and efficient 
diagnostic method for highly sensitive analytical procedures within the pharmaceutical area. 
 
Specifically, bulk preparation of MIPs and NIPs proved to be successful for a variety of 
protein/pathogen imprinted hydrogels. Hydrogel-based MIPs have been characterised for 
their imprint efficiency using spectrophotometric techniques to determine rebinding 
capacities (Q, mg g-1) and relative imprinting factors (IF) based on the type of polymer, 
template imprint (both protein and pathogen) at varying concentrations, buffer conditions 
and initial template imprinting concentrations. The specificity behind the bonding 
mechanisms between template protein structure and the polymer gel matrices has been 
investigated. This was achieved by determining the subsequent characterisations of the 
specificity and selectivity of the HydroMIP to the template protein molecule by assessing 
specific and non-specific binding when compared with a HydroNIP control. Varied rebinding 
capacities imprinting factors and have been achieved. The optimisation conditions of 
hydrogel-based MIP preparation by bulk polymerization for PAM, PNHMA and PNiPAm 
matrices were achieved. The MIP affinity and selectivity for protein/pathogen imprinting 
was initially evaluated under non-equilibrium conditions. Generally polymers were shown to 
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possess good template selectivity towards their native templates. The selectivity of the 
HydroMIPs was further investigated under equilibrium conditions and over a range of 
concentrations using Scatchard plots and Hill plots and by assessing distribution coefficients 
and normalised selectivity values. It was observed that both selectivity and affinity were 
dependent on the concentration of the template and that selectivity and affinity were 
better at higher template protein concentrations. The effect of buffer solution conditions 
was also investigated for the washing and re-loading phases within HydroMIPs for protein 
recognition. Acidification had a detrimental effect on MIP selectivity, likely due to 
protonation of both protein and MIP itself and the ensuing electrostatic repulsion, not 
allowing the protein to occupy MIP cavities. Results showed that the binding selectivity of 
the MIP over NIP for the template could be drastically improved by the optimisation of 
buffer composition, pH conditions and depending on ionic strength and the hydrogen 
bonding capability of the chosen buffer (pH 7.4). Therefore, decreasing the pH of the buffer 
solution had a negative impact on MIP selectivity (MilliQ water pH 5.4). Work on MIP cross-
selectivity for other proteins/pathogens similar to their native templates, under optimum 
buffer conditions and competitive conditions were investigated.  
 
It was also observed that template specific MIPs exhibited selective recognition for native 
templates not simply dependent on MW or size separation but mainly on the synergistic 
effect of shape complementarity and multiple hydrogen bonding interactions between the 
functional monomers and the template protein in imprinting cavities. New high selectivities 
have been achieved for MIPs when compared with NIPs. Selectivity, specificity and affinity 
have all been tested using numerous techniques; one example exhibited the successful 
discrimination between two key proteins, namely, hemoglobin (Hb) and serum albumin (SA) 
of similar MW across three different species, namely porcine, bovine and human using 
pattern recognition based chemo-metric techniques consisting of multivariate analysis such 
as principle component analysis (PCA) and linear discriminant analysis (LDA). Moreover, 
iron(III) chloroprotoporphyrin (Hemin), vinylferrocene (VFc), zinc(II) protoporphyrin (ZnPP) 
and protoporphyrin (PP), along with a bespoke cobalt Co(II) complex were introduced into 
hydrogel-based PAM MIPs as co-monomers for metal-coding of a BSA protein imprint. It was 
concluded that metal-coded PAM MIPs exhibited higher BSA binding and selective capacities. 
Optimum polymer compositions were further characterised by thermal analysis, suggesting 
that higher MIP efficiencies could be due to improved polymer backbone stability and 
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macroporosity with Tg values of around 60 °C higher than that of pure PAM. Specifically, 
Co(II)-coded MIPs had the highest binding capacity (Q) values of 5.7±0.5 mg BSA/g polymer 
and IF values of 15±2. Additionally, it was proposed that the metal itself is contributing to 
favourable π bonding interactions with the protein.  
 
Bulk and electrochemically induced redox polymerisation (ECIP) thin-film MIPs were also 
applied to the QCM sensor using two techniques. Generally, reoccurring trends in the 
magnitude and distinctive frequency shifts between BHb and cross-selected bovine serum 
albumin (BSA) were observed concluding that the QCM was able to detect and identify 
different imprinted proteins within the hydrogels. A residual SDS:AcOH effect upon the gels 
was observed. Investigations into the hydrogels durability and reusability were conducted in 
terms of the extent of detergent exposure before the integrity of the hydrogel complex is 
affected. Binding and elution of target protein gave distinct frequency and impedance 
transitions. Results showed that direct bulk thin-film deposition illustrated some superiority, 
and the QCM had the ability to assess the extent of non-specific binding to target protein 
and non-target protein. The QCM data suggests the ability to remove and rebind template 
proteins using both, frequency and impedance analysis. It has been demonstrated that MIP 
selectivity is a function of the hydrophobicity of the monomer used to form the MIP. 
However, the disappointing results, in terms of sensitivity, obtained from the bulk gel 
application decidedly lead to the development of ECIP thin-film application onto the QCM 
surface. The thin-film MIP-based QCM sensors offer the promise of a simple diagnostic 
system for the detection of protein in for example disease diagnostics.  
 
Specifically, a family of acrylamide-based MIPs as ‘bulk thin-films’ of varying hydrophobicity 
have been characterised for their protein imprinting efficiency using QCM sensor techniques. 
The extent of template removal and rebinding, using both QCM impedance and frequency 
measurements, demonstrated that 10% (w/v): 10% (v/v) sodium dodecyl sulphate (SDS): 
acetic acid (AcOH) (pH 2.8) was efficient at eluting template BHb (with 80±10% removal). 
Selectivity studies revealed that PNHMA BHb-MIPs had higher adsorption and selective 
recognition properties to BHb (64.5 kDa) when compared to non-cognate BSA (66 kDa), 
myoglobin (Mb, 17.5 kDa), lysozyme (Lyz, 14.7 kDa) thaumatin (Thau, 22 kDa) and trypsin 
(Tryp, 22.3 kDa).  Three distinct types of QCM responses were observed depending on the 
acrylamide used (PNHMA > PAM > PNiPAm), which agrees with the order of best 
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performance of the polymers in previously published QCM studies. At 3 mg mL-1, the QCM 
gave frequency shifts of 1800±50 Hz for template BHb rebinding in both PAM and PNHMA 
MIPs, whereas PAM MIPs exhibited an interference signal of 2200±50 Hz for non-cognate 
BSA in comparison to a 500±50 Hz shift with PNHMA MIPs. Thus, it was demonstrated that 
MIP selectivity is a function of the hydrophobicity of the acrylamide monomer used to form 
the MIP. However, the QCM sensor was limited to indicating MIP surface activity only at 3 
mg mL-1 and provided physical interpretation in terms of hydrophobicity of the polymer 
matrix that forms the MIP and protein selectivity. In short, the QCM sensor had the ability to 
assess the extent of specific protein binding at 3 mg mL-1 by sensing surface-specific binding 
responses of 52±5 Ohms and around 2000±100 Hz over a 1 hr period of protein exposure.  
 
In quest of better sensor performance, alternative means of depositing or coupling the 
polymer MIP/NIP thin-films onto QCM surfaces were investigated. Results demonstrated 
apparent thickness of 109±5.5 nm. However, template removal deemed unsuccessful, 
possibly due to the tight packing of the polymer entrapping the protein, or possibly due to a 
loss of the polymer thin film in the washing procedure. It was determined that the ECIP 
parameters are essential for the effectiveness, reproducibility and efficiency of depositing 
PAM polymers at QCM surfaces. However, unsuccessful attempts at producing selective E-
MIPs at QCM surfaces were reported, leading to the conclusion that the QCM surface was 
not suitable for sustaining imprinting efficiencies within the PAM hydrogel matrix. Once 
optimised, these technologies have implications for the development of rapid protein 
diagnostics indicative of for example, cancer and cardiac disease states. The possibilities for 
this HydroMIP technology are vast including uses in bio-sample clean-up or selective 
extraction, replacement of biological antibodies in immunoassays and biosensors for 
medicine. These results also suggest that the possibility of coupling multivariate analysis 
techniques, such as PCA, could be used to interrogate and discriminate between varieties of 
proteins/pathogens when MIPs are integrated to electrochemical or acoustic sensors.  
 
Moreover, electrochemical CV analysis and PCA coupled methods proved to be efficient for 
discriminating four proteins (BHb, Mb, BSA and Cyt C), indicating that glassy carbon 
electrodes (GCE) modified with either a MIP or NIP layer could be used as a fast sensor to 
discriminate between different kinds of proteins. At high concentrations, the selective 
nature and integrity of MIPs delays the protein response leading to an obvious difference 
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between MIP and NIP performance. At lower concentrations, such discriminations were 
difficult due to an apparent critical agglomeration of protein molecules required in a cavity 
for optimum MIP rebinding. With the use of PCA, protein discrimination has been 
achievable at faster detection rates. Multi-protein determination is required for accurate 
diagnosis of many disease states, including heart disease and various forms of cancer. 
Therefore, these results suggested that PCA could be used to interrogate and discriminate 
between proteins when hydrogels are integrated to electrochemical sensors.  
 
Surface imprinting was also investigated using GCE electrodes, whereby modification was 
conducted using ECIP of acrylamide to fabricate PAM thin-film hydrogel layers. MIP 
selectivity between two proteins of similar MW (hemoglobin and serum albumin) were 
compared across three different species, namely porcine (pig), bovine (cow) and human 
with the aid of chemometrics, i.e. pattern recognition and multivariate analysis. MIPs, along 
with non-imprint controls (NIP) on GCE sensor applications were able to demonstrate 
protein profiling and speciation within the pattern recognition system. LOD and LOQ were 
16 µg mL−1 (0.26 mM) and 56 µg mL-1 (0.87 mM) respectively for BHb. This alternative MIP-
based synthetic approach offers potential for rapid in-field testing (i.e. discrimination and 
authenticity of meat samples) based on analysing protein levels and profiles with minimal 
sample preparation. The latter ECIP methods were also transposed onto disposable screen-
printed carbon electrodes (SPCEs) based on the introduction of redox tracers (both 
externally as a probe and within the MIP matrix). However, little sensitivity was exhibited 
using the external Fe(CN)6
3− probe. Responses were sporadic, and no clear trend could be 
determined as to which parameters were contributors towards the optimisation of the MIP-
SPCEs. Typical DPV rebinding measurements illustrated no apparent trend in current change. 
Consequently, calibration curves from apparent peak current changes of template rebinding 
were plotted and showed no correlation or linearity. Thus, neither LOD nor LOQ could be 
determined for either redox probe technique.  In light of this, introduction of the redox 
tracer inside MIP cavities was investigated. The hypothesis was proteins/pathogens 
recognition via modifying the surface of SPCEs with an electro-generated metal-coded MIP 
for the direct electrochemical determination of non-electro active biological targets. 
However, of the four metal-tags incorporated into the PAM matrix at concentrations of 0.05, 
0.1, 0.15 and 0.2 mM, only the highest concentrations of 0.15 mM and 0.2 mM revealed any 
transducible current signals in the instance of both Hemin and Co-complex. Again, ΔI data, 
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exhibited little sensitivity towards template reloading. Responses were sporadic, and no 
clear trend could be determined as to which parameters were contributors towards the 
optimisation of the metal-coded E-MIP SPCEs. Typical DPV rebinding measurements for both 
metal tags illustrated no apparent trend in current change. Moreover, the signal to noise 
ratio (S/N) was substantially high and proved cumbersome to determine any reliable change 
in current. 
 
To summarise, the work herein has involved two of three generally accepted MIP’ing 
approaches [39]. The first being bulk imprinting, where protein templates were wholly 
imprinted in the bulk of polymer matrices and recognised as a whole by functional 
monomers. The second approach is surface imprinting, where protein templates are 
partially imprinted or stamped on bulk polymer surfaces with recognition and binding sites 
at specific orientations. The last approach is epitope imprinting; this is where a fragment or 
part of the protein template is imprinted allowing for the recognition of whole proteins. Of 
the three techniques, bulk imprinting is considered the most straightforward approach. The 
advantage is that the whole protein can be removed through either extraction or eluting 
and is then able to rebind into the three-dimensional cavity within the MIPs architecture. 
Owing to the large size of proteins, it is essential for effective MIP design and synthesis to 
control the size and number of pores generated during synthesis, along with the density of 
the MIP network [36, 47]. However, bulk design polymers usually sacrifice density of the 
polymer network to facilitate protein transfer [39]. It is well known that low density MIPs 
are less stable [36, 47]. The decreased density of some polymers inevitably means that 
imprint recognition and binding efficiency are easily lost after just a few rounds of 
regeneration. Moreover, pore size and functional group availability on the polymer surface 
are more liable to change over time under harsh conditions (e.g. high temperature and 
strong acid). Finally, larger biomolecules, such as pathogens, are more difficult to imprint, 
because it is more problematic to retain selectivity and sorption with increasing template 
size. As a result, alternative approaches i.e. surface imprinting and epitope imprinting have 
attracted increasing interest [39].  
 
Therefore, in a bid to move away from laborious bulk imprinting methodologies a second 
approach involving surface imprinting was investigated. The fundamental strategy of surface 
imprinting is locating imprinted sites at or close to the surface of the MIP, therefore 
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enabling easy access to the target protein molecules. Thus, in comparison with bulk 
imprinting, the transfer of protein is much easier and the binding kinetic is less restricted 
although usually lower [39]. The selectivity can also decrease because only part of the 
protein is bound and recognized.  Several advantages were demonstrated, such as rapid MIP 
synthesis, low amounts of monomers and solvent compatibility of the template. Thus, 
surface imprinting results in the formation of specific cavities on the surface of the 
imprinted polymer. These cavities have particular shapes or steric effects that are 
complementary to parts or fragments of the protein template. However, because of the 
complexity and conformational flexibility of proteins, the interactions between the protein 
template and the functional monomer are not as specific and efficient as desired. As a result, 
protein surface-imprinted polymers sometimes exhibit cross-reactivity, non-specific binding 
and low selectivity. Furthermore, template capacity was lower than that of protein bulk-
imprinted polymers. Thus an improved and perhaps a more efficient approach such as 
‘epitope imprinting’ could be investigated, as illustrated in the following section.  
 
6.2 Future Work 
6.2.1 Epitope Imprinting 
An epitope is the specific part of antigens that are recognized by the immune system, 
specifically by the antibodies’ paratope, B cells or cytotoxic T-cells *39+. Inspired by this 
rationale, a new approach for protein imprinting was created in 2001 by imprinting only 
short peptide sequences; the resulting polymer was able to recognise not only its native 
small peptide template but also the entire protein *196+. Since then, epitope imprinting 
strategies have been very promising, and have warranted numerous publications in recent 
literature *39+, and could also be investigated within the remits of this work. This method 
would combine the concepts of both surface and bulk imprinting; the rationale is that the 
epitope approach is based on using short peptides as a template instead of a whole. This 
would represent only part of a larger peptide or protein, akin to the concept of an epitope 
representing its antigen, which in turn can be recognised by the synthesized polymer. There 
are several advantages associated with this, first and foremost, more specific and stronger 
interactions can perpetuate the minimisation of non-specific binding and improve affinity.  
The low number of potential binding sites for non-target proteins due to the fragmental 
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imprinted sites increase specific binding, and is further enhanced by cooperative and 
multivalent interactions, such as hydrogen bonds and hydrophobic interactions. Secondly, 
the use of organic solvents can be employed in the polymerisation process as short peptide 
chains are more stable in these solvents, and thus expanding upon varied types of polymer 
matrices can be explored *39+. Finally, peptide syntheses of small epitope templates are 
inexpensive; however, modified and functionalised peptides such as phosphorylated 
peptides are difficult to purify or synthesise *39+. 
 
6.2.2 Alternate Sensor Platforms 
MIPs exhibited herein have been coupled to both acoustic and electrochemical sensors via 
several techniques. It is also possible to extend these MIP coupling techniques to other 
sensing devices, including optical sensor strategies, such as dual polarisation interferometer 
(DPI). To date, the use of DPI has been applied to studying nucleic acid interactions, DNA 
immobilisation, antibody-antigen interactions, protein characterisation and polymer 
characterisation [4, 197]. As such, DPI sensors have had successful induction of several 
biological recognition elements such as enzymes, bacteria, proteins and even whole cells 
[43]. DPI has also been identified as a suitable and highly sensitive optical technique that is 
compatible with thin film polymers for in-lab optimisation of MIP binding properties prior to 
QCM application [4, 197].   
 
DPI incorporates an optical waveguide chip to detect surface changes by analysing changes 
in refractive index, density, thickness, mass and changes in the evanescent field on the 
surface of the chip [4]. Optical waveguides have the ability to confine light within 
boundaries. This instrumentation incorporates an optical waveguide chip designed using 
two optical waveguides sandwiched together i.e. one with two defined cladding layers 
which is used as a reference (waveguide 2), and the other with one defined cladding layer 
allowing the buffer solution to act as a second cladding layer (waveguide 1). The DPI system 
also incorporates a flow injection fluidics system, which allows a constant buffer to flow 
across the optical waveguide chip and samples to be injected into the buffer stream via a 
400 µL injection loop. When a sample is injected, a change in the refractive index on 
waveguide 1 is detected, and changes in the Young’s interference fringe patterns are 
analysed by the instrument via an image detector. Measurements are made by determining 
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the spatial positioning of the fringes and not by measuring the intensity. Using movement in 
the interference fringes to measure changes in the speed of light in the waveguide, DPI then 
uses Maxwell’s equations to calculate back to all possible changes to the structure of the 
waveguide that correspond to the measured changes in speed. From this the change in 
refractive index and dimensions (thickness, mass, and density) of the material deposited on 
the surface of the waveguide can be calculated [4, 197].  
 
In practice, the position of the fringe image is monitored on the millisecond time scale to 
enable changes happening in real-time at the sensor surface. Changes in the evanescent 
field in the transverse electric (TE) and transverse magnetic (TM) fields are also obtained 
using DPI to give more information on the structure of the layers built up on the waveguide 
surface. The evanescent field is the portion of the electric field which extends beyond the 
core of the waveguide, sweeping beyond the waveguide surface. The intensity of the 
evanescent field decays exponentially away from the waveguide surface, and only extends a 
few hundred nanometres from the surface of the waveguide (this is also defined as the near 
field). Any changes in this near field region will influence the speed at which light passes 
down the waveguide [43]. Thus, any interaction between template and hydrogel MIP layer 
would then in theory be measurable in account to the latter mentioned factor changes. The 
exciting feature of this strategy is that the entrapped biological recognition element does 
not lose its structural functionality and retains original characteristics. 
 
Reddy et al. previously demonstrated the use of DPI system as a novel label-free optical 
detection technique, in order to one day be used for an applicable biosensor [4]. HydroMIPs 
were applied and analysed as thin films in competitive rebinding studies in real biological 
conditions, using plasma and serum as interferents for the rebinding of BHb to HydroMIPs. 
Since the system can demonstrate changes in thickness, mass, and density of the gels, it was 
hypothesised that at various stages of the rebinding study changes in the gel state would 
arise at different stages. Results demonstrated that a low degree of selective rebinding of 
template molecules occurred due to bio-fouling of the gels and competition for binding sites 
from interfering proteins. The major components responsible for MIP fouling were found to 
be fibrinogen and α-β globulins for BSA and BHb MIPs respectively. It was concluded that 
when coupling HydroMIPs to the DPI sensor platform, the DPI system was effectively used 
to monitor gel responses during specific and non-specific rebinding interactions.  
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6.2.3 Molecular Modelling 
As “smart” material polymer gels have been the focus of considerable interest, from both 
fundamental and applied perspectives, the knowledge of their properties is of paramount 
importance for the research and development of new applications [2, 13, 184]. MIP 
selectivity is believed to depend on the orientation of the functional groups inside the 
cavities and the shape of the cavities. If there are two binding sites per template, several 
single-point bindings can occur but only one two-point binding. It is the two-point binding 
sites that provide high selectivity [17, 198]. The fundamental interactions between the 
polymer network and the imprinted template binding sites are the very same attractive and 
repulsive interactions within the protein itself. These are van der Waals, hydrophobic, 
electrostatic, and hydrogen bonding. Specific external modifications that change the overall 
interaction balance in the complex are the very reason why these systems are suitable for a 
great deal of applications [5, 32, 39].  However, the problem associated with binding in 
imprinted polymers is the template re-uptake in the cavity [116]. Thus, analyses of the basic 
concepts behind the selectivity of the imprinted polymers through the use of molecular 
modelling simulations could be of some benefit [13, 14, 80]. 
 
Examination of the exquisite specificity that proteins can exhibit for their target ligands, 
which is the envy of molecular imprinting has long been studied [32, 199-201]. As previously 
mentioned in section 3.2.2, the complex between the vitamin biotin and the egg-white 
protein avidin (or streptavidin) provides one of the largest measured dissociation constants 
for a non-covalent interaction between a protein and small molecules [199]. The strength of 
interaction comes from 15 amino acid residues on streptavidin. The specific positioning of 
the biotin ligand in the active site allows for the formation of eight hydrogen bonds and 
eight sites of van der Waals interactions. The high specificity is compounded by four of these 
amino acids being part of a flexible loop that locks into place upon biotin binding. This offers 
an “induced fit” that provides additional favourable interactions between protein and ligand 
[199]. Despite the complex series of events, the process comes easy to such natural systems. 
The 15 amino acids are not all contiguous in the primary structure of streptavidin, and they 
are held in place by the overall fold of the protein. This is a common feature in essentially all 
protein–ligand interactions [32, 199-201]. The affinity of avidin for a number of biotin 
analogues has also been suggested through modelling, and small changes in its structure 
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have led to 100-fold decreases in binding affinity [199]. Figure 6.1 illustrates the possibilities 
offered by computationally recreating and/or simulating the structure, and pocket binding 
sites of such streptavidin–biotin complexes. The docking studies and figures detailed in this 
example were calculated using the Molecular Operating Environment (MOE) package [201]. 
Interactions between the ligands and receptors can be extensively investigated, and this 
type of study is important within structure-based drug design [80, 184]. During docking 
studies, different orientations and positions of the ligands are investigated within the 
binding site, which is usually elucidated from experimental studies, and the lowest energy 
conformation is usually represented. 
 
 
 
Figure 6.1 - Monomeric streptavidin with bound biotin (black structure) and calculated pocket surface map 
interactions (A); hydrogen bonding (purple spheres) and van der Waals interactions (green spheres) 
between biotin and streptavidin residues (B). Reconstructed in MOE 2012, using (1STP) [199]. 
 
Compared to protein-ligand complexes, protein–hydrogel complexes are not so well-studied 
and do not yet have the same specificities and affinities [32]. Although protein–hydrogel 
complexes are believed to share the same types of interactions, the overall structural 
complex is the opposite to that of protein-ligand complexes, in that the receptor pocket or 
cavity is located within the polymer matrix and not the protein. MIPs are typically highly 
cross-linked systems and by virtue of their rigid structure are therefore unable to offer many 
degrees of freedom to allow similar capture and locking to take place [1, 47, 79]. However, 
hydrogel-based MIPs are able to swell and contract depending on solvent, ionic strength 
and the presence of other dissolved components in solution [35, 36]. If these parameters 
B A 
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can be optimised to improve selective binding within MIPs, compared to non-imprinted 
polymer controls, it could drastically improve their binding reputation.  
 
Thus, in order to asses binding interactions in protein-hydrogel complexes, firstly calculation 
of potential binding sites over the entire protein backbone and receptor would be 
necessary. Any favourable alignments of the monomers moiety in specific binding sites 
would presumably be due to hydrogel bonding with the hydroxyl groups. Since the entire 
protein is encapsulated within the hydrogel matrix, in actuality, it is natural to assume that 
interactions are feasible all over the protein surface. Hence, this model would not follow 
traditional computer-aided protein-ligand docking interaction simulations, as there is no 
specific ligand-receptor model to be docked. In fact this automated molecular ‘docking’ 
simulation is the opposite of protein–hydrogel complexes. Ideally the hydrogel complex 
would be the one rudimentary 3D structure that the protein docks to in order to simulate 
specific binding, extraction and rebinding in hydrogel cavity sites. However, limitations to 
standard computerised protein-ligand docking interactions can still offer basic monomer-
protein binding interactions. Thus, using MOE, a series of computing docking simulations 
could be ran in order to simulate monomer-protein binding interactions for functional and 
cross-linker monomers. Computer aided simulations of the types and placements of 
interactions that are associated with the non-covalent molecular imprinting approach could 
be demonstrated.  
 
For example, a 10% cross-linking density (1 MBAm: 9 AAm) PAM matrix can easily be built 
and simulated (see Figure 6.2). Calculated interactions and surface area can also be 
modulated to demonstrate the presence of intermolecular forces (forces between two 
molecules) and intramolecular forces (forces within a molecule) within the polymer. This 
can then be used along with calculated phamacaphores to build active quires for binding 
sites. The stereo chemical quality of all structures could be verified and corrected using a 
PRO-CHECK program. Once all monomers are built they can then be ‘docked’ to any target 
biomolecule of interest.  For the sake of complexity and ingenuity, an example could be the 
tobacco mosaic virus (TMV). As illustrated in section 1.2.3, TMV has become a model 
pathogen template as it is very robust and can be subjected to harsh environmental 
conditions (90 °C and pH values between 3.5 and 9) without losing its conformation and 
activity [60]. Its tubular shape (external diameter = 18 nm, internal diameter = 4 nm, and a 
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length of 300 nm) consists of a coat protein capsomer shell (2130 per capsid unit). These 
TMV coat proteins can easily be aligned and optimized in a simulated environment in 
respective to its helical capsid orientation (see Figure 6.3 A). Moreover, a single coat protein 
can easily be isolated to calculated surface exposure and active site areas (see Figure 6.3 B). 
Once this process is completed any number of molecules can be ‘docked’ and simulated 
giving as many variations and orientation as possible while bearing in mind the protonation 
of the target bio-molecule (see Figure 6.3 C and D).   
 
Figure 6.2 - Calculated interactions and surface area for a 10% cross-linking density (1 MBAm: 9 AAm units) 
single repeating unit of PAM, along with respective phamacaphores (molecular features which are necessary 
for molecular recognition of a ligand by a biological macromolecule) demonstrating electron acceptors 
(blue) and donors (purple). Constructed in MOE 2012. 
 
To perform this, a global range molecular matching (GRAMM) based on the molecular 
recognition algorithm could also be used to run subsequent docking simulations. Thus, the 
program outputs a list of possible positions and conformations with corresponding scores, 
which are proportional to the intermolecular energy calculated with a simplified potential 
function. Using a high-resolution generic docking algorithm, an unlimited number of docking 
scores could be computed with the 100 best scores retained for energy minimisation. A 
database of different monomers could be built to simulate the interactions (favorable or 
non-favorable), and to calculate the binding energy (Gibbs energy of complex formation). 
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The effects of hydrophobicity, monomer-monomer interactions, choice of solvent and cross-
linker on complex formation could explain tangible interactions; the aforementioned are the 
most likely explanations for the discrepancy between predicted binding strengths and 
observed binding strengths in the case of MIPs [13, 14]. This predictive modelling of 
functional/monomer interactions and the resulting binding site performance could be a 
promising approach towards more rational designs of synthetic strategies for improved MIP 
technology. Especially when targeting complex and labile biomacromolecules such as 
proteins and pathogens.  
 
 
 
 
 
Figure 6.3 - Illustration of a calculated spacing and alignment of the helical capsid coat proteins in a single 
coil of TMV (A); and the surface interactions, hydrogen bonding (purple), hydrophobic (green) and mild 
polar (blue) of one of the coat proteins (B); along with a ‘docking’ simulation of an acrylamide monomer 
(black) to an active site (C); and its respective interactions (D). Reconstructed in MOE 2012, using (4UDV) 
[202]. 
  
B A 
D C 
147 
 
 
 
 
 
 
 
 
 
 
vίψον ἀνομήματα μὴ μόναν ὄψιν 
148 
 
7 References 
 [1] V. J. B. Ruigrok, M. Levisson, M. H. M. Eppink, H. Smidt and J. van der Oost. Alternative affinity tools: More attractive 
than antibodies? Biochem.  J. 436(1), pp. 1-13. 2011.  
[2] M. J. Whitcombe, I. Chianella, L. Larcombe, S. A. Piletsky, J. Noble, R. Porter and A. Horgan. The rational development of 
molecularly imprinted polymer-based sensors for protein detection. Chem.  Soc.  Rev. 40(3), pp. 1547-1571. 2011.  
[3] S. M. Reddy, G. Sette and Q. Phan. Electrochemical probing of selective haemoglobin binding in hydrogel-based 
molecularly imprinted polymers. Electrochim.  Acta 56(25), pp. 9203-9208. 2011.  
[4] S. M. Reddy, D. M. Hawkins, Q. T. Phan, D. Stevenson and K. Warriner. Protein detection using hydrogel-based 
molecularly imprinted polymers integrated with dual polarisation interferometry. Sensors Actuators B: Chem. 176(0), 
pp. 190-197. 2013.  
[5] K. Mosbach. Toward the next generation of molecular imprinting with emphasis on the formation, by direct molding, of 
compounds with biological activity (biomimetics). Anal.  Chim.  Acta 435(1), pp. 3-8. 2001.  
[6] N. Masqué, R. M. Marcé and F. Borrull. Molecularly imprinted polymers: New tailor-made materials for selective solid-
phase extraction. TrAC 20(9), pp. 477-486. 2001.  
[7] S. M. Reddy, Q. T. Phan, H. El-Sharif, L. Govada, D. Stevenson and N. E. Chayen. Protein crystallization and biosensor 
applications of hydrogel-based molecularly imprinted polymers. Biomacromolecules 13(12), pp. 3959-3965. 2012.  
[8] E. Saridakis, S. Khurshid, L. Govada, Q. Phan, D. Hawkins, G. V. Crichlow, E. Lolis, S. M. Reddy and N. E. Chayen. Protein 
crystallization facilitated by molecularly imprinted polymers. PNAS 108(27), pp. 11081-11086. 2011.  
[9] C. Alexander, H. S. Andersson, L. I. Andersson, R. J. Ansell, N. Kirsch, I. A. Nicholls, J. O'Mahony and M. J. Whitcombe. 
Molecular imprinting science and technology: A survey of the literature for the years up to and including 2003. J Mol 
Recognit 19(2), pp. 106-180. 2006.  
[10] P. A. Lieberzeit, R. Samardzic, K. Kotova and M. Hussain. MIP sensors on the way to biotech application: Selectivity and 
ruggedness. Procedia Engineering 47(0), pp. 534-537. 2012.  
[11] S. Pradhan, M. Boopathi, O. Kumar, A. Baghel, P. Pandey, T. H. Mahato, B. Singh and R. Vijayaraghavan. Molecularly 
imprinted nanopatterns for the recognition of biological warfare agent ricin. Biosens.  Bioelectron. 25(3), pp. 592-598. 
2009.  
[12] A. G. Mayes and M. J. Whitcombe. Synthetic strategies for the generation of molecularly imprinted organic polymers. 
Adv.  Drug Deliv.  Rev. 57(12), pp. 1742-1778. 2005.  
[13] E. V. Piletska, A. R. Guerreiro, M. J. Whitcombe and S. A. Piletsky. Influence of the polymerization conditions on the 
performance of molecularly imprinted polymers. Macromolecules 42(14), pp. 4921-4928. 2009.  
[14] S. A. Piletsky, E. V. Piletska, K. Karim, K. W. Freebairn, C. H. Legge and A. P. F. Turner. Polymer cookery: Influence of 
polymerization conditions on the performance of molecularly imprinted polymers. Macromolecules 35(19), pp. 7499-
7504. 2002.  
[15] C. Alexander, H. S. Andersson, L. I. Andersson, R. J. Ansell, N. Kirsch, I. A. Nicholls, J. O'Mahony and M. J. Whitcombe. 
Molecular imprinting science and technology: A survey of the literature for the years up to and including 2003. J Mol 
Recognit 19(2), pp. 106-180. 2006.  
[16] D. Stevenson. Molecular imprinted polymers for solid-phase extraction. TrAC 18(3), pp. 154-158. 1999.  
[17] N. Lavignac, K. R. Brain and C. J. Allender. Concentration dependent atrazine–atrazine complex formation promotes 
selectivity in atrazine imprinted polymers. Biosens.  Bioelectron. 22(1), pp. 138-144. 2006.  
149 
 
[18] R. C. Advincula. Engineering molecularly imprinted polymer (MIP) materials: Developments and challenges for sensing 
and separation technologies. Korean J.   Chem.   Eng. 28(6), pp. 1313-1321. 2011.  
[19] Y. Fuchs, O. Soppera, A. G. Mayes and K. Haupt. Holographic molecularly imprinted polymers for label-free chemical 
sensing. Adv Mater 25(4), pp. 566-570. 2013.  
[20] S. Kunath, N. Marchyk, K. Haupt and K. Feller. Multi-objective optimization and design of experiments as tools to tailor 
molecularly imprinted polymers specific for glucuronic acid. Talanta 105(0), pp. 211-218. 2013.  
[21] S. Asman, N. A. Yusof, A. H. Abdullah and M. J. Haron. Synthesis and characterization of hybrid molecularly imprinted 
polymer (MIP) membranes for removal of methylene blue (MB). Molecules 17(2), pp. 1916-1928. 2012.  
[22] C. Dai, J. Zhang, Y. Zhang, X. Zhou and S. Liu. Application of molecularly imprinted polymers to selective removal of 
clofibric acid from water. Plos One 8(10), pp. e78167. 2013.  
[23] N. A. Yusof, N. D. Zakaria, N. A. M. Maamor, A. H. Abdullah and M. J. Haron. Synthesis and characterization of 
molecularly imprinted polymer membrane for the removal of 2,4-dinitrophenol. Int.   J.   Mol.   Sci. 14(2), pp. 3993-
4004. 2013.  
[24] C. Widstrand, B. Boyd, J. Billing and A. Rees. Efficient extraction of toxic compounds from complex matrices using 
molecularly imprinted polymers. Am.  Lab. 39(17), pp. 23-24. 2007.  
[25] C. Widstrand, E. Yilmaz, B. Boyd, J. Billing and A. Rees. Molecularly imprinted polymers: A new generation of affinity 
matrices. Am.  Lab. 38(19), pp. 12. 2006.  
[26] B. T. S. Bui and K. Haupt. Molecularly imprinted polymers: Synthetic receptors in bioanalysis. Anal.   Bioanal.   Chem. 
398(6), pp. 2481-2492. 2010.  
[27] Q. Deng, J. Wu, X. Zhai, G. Fang and S. Wang. Highly selective fluorescent sensing of proteins based on a fluorescent 
molecularly imprinted nanosensor. Sensors (Basel) 13(10), pp. 12994-3004. 2013.  
[28] S. Gupta, M. Saxena, N. Saini, Mahmooduzzafar, R. Kumar and A. Kumar. An effective strategy for a whole-cell 
biosensor based on putative effector interaction site of the regulatory DmpR protein. Plos One 7(8), pp. e43527. 
2012.  
[29] T. Renkecz, G. Mistlberger, M. Pawlak, V. Horvath and E. Bakker. Molecularly imprinted polymer microspheres 
containing photoswitchable spiropyran-based binding sites. ACS Appl.   Mater.   Interfaces 5(17), pp. 8537-45. 2013.  
[30] H. F. EL-Sharif, D. Stevenson, K. Warriner and S. M. Reddy, "Hydrogel-based molecularly imprinted polymers for 
biological detection," in Advanced Synthetic Materials in Detection Science, S. M. Reddy, Ed. UK: The Royal Society of 
Chemistry, 2014, pp. 75-115. 
[31] J. Haginaka, C. Miura, N. Funaya and H. Matsunaga. Monodispersed molecularly imprinted polymer for creatinine by 
modified precipitation polymerization. Analytical Sciences 28(4), pp. 315-317. 2012.  
[32] D. E. Hansen. Recent developments in the molecular imprinting of proteins. Biomaterials 28(29), pp. 4178-4191. 2007.  
[33] H. F. El-Sharif, Q. T. Phan and S. M. Reddy. Enhanced selectivity of hydrogel-based molecularly imprinted polymers 
(HydroMIPs) following buffer conditioning. Anal.  Chim.  Acta 809(0), pp. 155-161. 2014.  
[34] D. M. Hawkins, D. Stevenson and S. M. Reddy. Investigation of protein imprinting in hydrogel-based molecularly 
imprinted polymers (HydroMIPs). Anal.  Chim.  Acta 542(1), pp. 61-65. 2005.  
[35] M. E. Byrne, K. Park and N. A. Peppas. Molecular imprinting within hydrogels. Adv.  Drug Deliv.  Rev. 54(1), pp. 149-161. 
2002.  
[36] M. E. Byrne and V. Salian. Molecular imprinting within hydrogels II: Progress and analysis of the field. Int.  J.  Pharm. 
364(2), pp. 188-212. 2008.  
[37] J. Z. Hilt and M. E. Byrne. Configurational biomimesis in drug delivery: Molecular imprinting of biologically significant 
molecules. Adv.  Drug Deliv.  Rev. 56(11), pp. 1599-1620. 2004.  
150 
 
[38] J. Heick, M. Fischer and B. Poepping. First screening method for the simultaneous detection of seven allergens by 
liquid chromatography mass spectrometry. J.   Chromatogr.   A 1218(7), pp. 938-943. 2011.  
[39] Y. Ge and A. P. F. Turner. Too large to fit? recent developments in macromolecular imprinting. Trends Biotechnol. 26(4), 
pp. 218-224. 2008.  
[40] M. N. Albarghouthi, B. A. Buchholz, P. J. Huiberts, T. M. Stein and A. E. Barron. Poly-N-hydroxyethylacrylamide 
(polyDuramide?): A novel, hydrophilic, self-coating polymer matrix for DNA sequencing by capillary electrophoresis. 
Electrophoresis 23(10), pp. 1429-1440. 2002.  
[41] S. H. Ou, M. C. Wu, T. C. Chou and C. C. Liu. Polyacrylamide gels with electrostatic functional groups for the molecular 
imprinting of lysozyme. Anal.  Chim.  Acta 504(1), pp. 163-166. 2004.  
[42] S. Wu, W. Tan and H. Xu. Protein molecularly imprinted polyacrylamide membrane: For hemoglobin sensing. Analyst 
135(10), pp. 2523-2527. 2010.  
[43] K. Warriner, E. C. Lai, A. Namvar, D. Hawkins and S. Reddy, "Molecular imprinted polymers for biorecognition of 
bioagents," in Principles of Bacterial Detection: Biosensors, Recognition Receptors and Microsystems, M. Zourob, S. 
Elwary and A. Turner, Eds. USA: Springer New York, 2008, pp. 785-814. 
[44] Y. Q. Xia, T. Y. Guo, M. D. Song, B. H. Zhang and B. L. Zhang. Hemoglobin recognition by imprinting in semi-
interpenetrating polymer network hydrogel based on polyacrylamide and chitosan. Biomacromolecules 6(5), pp. 
2601-2606. 2005.  
[45] X. Zeng, W. Wei, X. Li, J. Zeng and L. Wu. Direct electrochemistry and electrocatalysis of hemoglobin entrapped in 
semi-interpenetrating polymer network hydrogel based on polyacrylamide and chitosan. Bioelectrochemistry 71(2), 
pp. 135-141. 2007.  
[46] Y. Lv, T. Tan and F. Svec. Molecular imprinting of proteins in polymers attached to the surface of nanomaterials for 
selective recognition of biomacromolecules. Biotechnol.  Adv. 31(8), pp. 1172-1186. 2013.  
[47] E. Verheyen, J. P. Schillemans, M. van Wijk, M. Demeniex, W. E. Hennink and C. F. van Nostrum. Challenges for the 
effective molecular imprinting of proteins. Biomaterials 32(11), pp. 3008-3020. 2011.  
[48] L. Qin, X. He, W. Zhang, W. Li and Y. Zhang. Surface-modified polystyrene beads as photografting imprinted polymer 
matrix for chromatographic separation of proteins. J.   Chromatogr.   A 1216(5), pp. 807-814. 2009.  
[49] H. Lin, C. Hsu, J. L. Thomas, S. Wang, H. Chen and T. Chou. The microcontact imprinting of proteins: The effect of cross-
linking monomers for lysozyme, ribonuclease A and myoglobin. Biosens.  Bioelectron. 22(4), pp. 534-543. 2006.  
[50] Q. Gai, F. Qu and Y. Zhang. The preparation of BHb-molecularly imprinted gel polymers and its selectivity comparison 
to BHb and BSA. Sep.  Sci.  Technol. 45(16), pp. 2394-2399. 2010.  
[51] M. E. Brown and D. A. Puleo. Protein binding to peptide-imprinted porous silica scaffolds. Chem.  Eng.  J. 137(1), pp. 
97-101. 2008.  
[52] D. M. Hawkins, A. Trache, E. A. Ellis, D. Stevenson, A. Holzenburg, G. A. Meininger and S. M. Reddy. Quantification and 
confocal imaging of protein specific molecularly imprinted polymers. Biomacromolecules 7(9), pp. 2560-2564. 2006.  
[53] K. Aizawa. Elastomeric polyacrylamide gels for high-resolution electrophoresis of proteins. Polym.  Adv.  Technol. 11(8-
12), pp. 481-487. 2000.  
[54] C. Sontimuang, R. Suedee and F. Dickert. Interdigitated capacitive biosensor based on molecularly imprinted polymer 
for rapid detection of hev b1 latex allergen. Anal.  Biochem. 410(2), pp. 224-233. 2011.  
[55] W. J. Catalona, J. P. Richie, F. R. Ahmann, M. A. Hudson, P. T. Scardino, R. C. Flanigan, J. B. Dekernion, T. L. Ratliff, L. R. 
Kavoussi, B. L. Dalkin, W. B. Waters, M. T. Macfarlane and P. C. Southwick. Comparison of digital rectal examination 
and serum prostate-specific antigen in the early detection of prostate-cancer - results of a multicenter clinical-trial of 
6,630 men. J.  Urol. 151(5), pp. 1283-1290. 1994.  
151 
 
[56] R. Morgan, A. Boxall, A. Bhatt, M. Bailey, R. Hindley, S. Langley, H. C. Whitaker, D. E. Neal, M. Ismail, H. Whitaker, N. 
Annels, A. Michael and H. Pandha. Engrailed-2 (EN2): A tumor specific urinary biomarker for the early diagnosis of 
prostate cancer. Clinical Cancer Research 17(5), pp. 1090-1098. 2011.  
[57] S. E. McGrath, A. Michael, H. Pandha and R. Morgan. Engrailed homeobox transcription factors as potential markers 
and targets in cancer. FEBS Lett. 587(6), pp. 549-554. 2013.  
[58] H. Hashemi-Moghaddam, M. Rahimian and B. Niromand. Molecularly imprinted polymers for solid-phase extraction of 
sarcosine as prostate cancer biomarker from human urine. Bull.  Korean Chem.  Soc. 34(8), pp. 2330-2334. 2013.  
[59] Y. Wang, Z. Zhang, V. Jain, J. Yi, S. Mueller, J. Sokolov, Z. Liu, K. Levon, B. Rigas and M. H. Rafailovich. Potentiometric 
sensors based on surface molecular imprinting: Detection of cancer biomarkers and viruses. Sens.  Actuator B-Chem. 
146(1), pp. 381-387. 2010.  
[60] O. Hayden, P. Lieberzeit, D. Blaas and F. Dickert. Artificial antibodies for bioanalyte detection-sensing viruses and 
proteins.  Adv.   Funct.   Mater 16(10), pp. 1269-1278. 2006.  
[61] B. Rodoni. The role of plant biosecurity in preventing and controlling emerging plant virus disease epidemics. Virus Res. 
141(2), pp. 150-157. 2009.  
[62] A. Fereres. Plant virus epidemiology: Controlling epidemics of emerging and established plant viruses—the way 
forward. Virus Res. 141(2), pp. 111-112. 2009.  
[63] D. R. Kapczynski and D. E. Swayne, "Influenza vaccines for avian species," in Vaccines for Pandemic Influenza: Current 
Topics in Microbiology and Immunology, 333rd ed., R. W. Compans and W. A. Orenstein, Eds. Springer Berlin 
Heidelberg, 2009, pp. 133-152. 
[64] A. González Oliva, H. J. Cruz and C. C. Rosa. Immunosensors for diagnostics. Sensors Update 9(1), pp. 283-312. 2001.  
[65] L. D. Bolisay, J. N. Culver and P. Kofinas. Molecularly imprinted polymers for tobacco mosaic virus recognition. 
Biomaterials 27(22), pp. 4165-4168. 2006.  
[66] F. L. Dickert and O. Hayden. Bioimprinting of polymers and sol-gel phases. selective detection of yeasts with imprinted 
polymers. Anal.  Chem. 74(6), pp. 1302-1306. 2002.  
[67] M. He, C. He and N. Ding. Natural recombination between tobacco and tomato mosaic viruses. Virus Res. 163(1), pp. 
374-379. 2012.  
[68] T. Splettstoesser. SciStyle: Scientific illustration and animation. SciStyle [Online]. 2013(10/26), 2016. Available: 
http://portfolio.scistyle.com/Viruses. 
[69] M. Snippe, R. Goldbach and R. Kormelink. Tomato spotted wilt virus particle assembly and the prospects of 
fluorescence microscopy to study protein–protein interactions involved. Advances in Virus Research 65(0), pp. 63-
120. 2005.  
[70] L. Gross. Thriving community of pathogenic plant viruses found in the human gut. Plos One 4(1), pp. e15. 2006.  
[71] P. Colson, H. Richet, C. Desnues, F. Balique, V. Moal, J. Grob, P. Berbis, H. Lecoq, J. Harle, Y. Berland and D. Raoult. 
Pepper mild mottle virus, a plant virus associated with specific immune responses, fever, abdominal pains, and 
pruritus in humans. Plos One 5(4), pp. e10041. 2010.  
[72] F. Yang, W. Liu, G. Zhang and F. Wan. Research advances on transmission of tomato spotted wilt virus by frankliniella 
occidentalis (pergande). J.   Environ.   Entomol. 33(2), pp. 241-249. 2011.  
[73] N. Sankarakumar and Y. W. Tong. Preventing viral infections with polymeric virus catchers: A novel nanotechnological 
approach to anti-viral therapy. J.  M.  Chem-B 1(15), pp. 2031-2037. 2013.  
[74] V. R. Basnayake, T. L. Sit and S. A. Lommel. The genomic RNA packaging scheme of red clover necrotic mosaic virus. 
Virology 345(2), pp. 532-539. 2006.  
152 
 
[75] A. Namvar and K. Warriner. Microbial imprinted polypyrrole/poly(3-methylthiophene) composite films for the 
detection of bacillus endospores. Biosens.  Bioelectron. 22(9–10), pp. 2018-2024. 2007.  
[76] F. Dickert, O. Hayden, R. Bindeus, K. Mann, D. Blaas and E. Waigmann. Bioimprinted QCM sensors for virus detection-
screening of plant sap. Anal.   Bioanal.   Chem. 378(8), pp. 1929-1934. 2004.  
[77] F. L. Dickert, O. Hayden, P. Lieberzeit, C. Haderspoeck, R. Bindeus, C. Palfinger and B. Wirl. Nano- and micro-structuring 
of sensor materials—from molecule to cell detection. Synth.  Met. 138(1–2), pp. 65-69. 2003.  
[78] B. B. Prasad and I. Pandey. Molecularly imprinted polymer-based piezoelectric sensor for enantio-selective analysis of 
malic acid isomers. Sensors Actuators B: Chem. 181(0), pp. 596-604. 2013.  
[79] D. R. Kryscio and N. A. Peppas. Critical review and perspective of macromolecularly imprinted polymers. Acta 
Biomaterialia 8(2), pp. 461-473. 2012.  
[80] J. O. Mahony, K. Nolan, M. R. Smyth and B. Mizaikoff. Molecularly imprinted polymers—potential and challenges in 
analytical chemistry. Anal.  Chim.  Acta 534(1), pp. 31-39. 2005.  
[81] M. P. Davies, V. De Biasi and D. Perrett. Approaches to the rational design of molecularly imprinted polymers. 
Anal.  Chim.  Acta 504(1), pp. 7-14. 2004.  
[82] D. Mark, S. Haeberle, G. Roth, F. von Stetten and R. Zengerle. Microfluidic lab-on-a-chip platforms: Requirements, 
characteristics and applications. Chem.  Soc.  Rev. 39(3), pp. 1153-1182. 2010.  
[83] H. A. Cabrera. A comprehensive evaluation of pregnancy tests. Am J Obstet Gynecol 103(1), pp. 32-8. 1969.  
[84] G. A. Posthuma-Trumpie, J. Korf and A. van Amerongen. Lateral flow (immuno) assay: Its strengths, weaknesses, 
opportunities and threats. A literature survey. Anal.   Bioanal.   Chem. 393(2), pp. 569-582. 2009.  
[85] O. Ramstrom, L. Ye, M. Krook and K. Mosbach. Applications of molecularly imprinted materials as selective adsorbents: 
Emphasis on enzymatic equilibrium shifting and library screening. Chromatographia 47(7-8), pp. 465-469. 1998.  
[86] G. N. M. Ferreira, A. da-Silva and B. Tomé. Acoustic wave biosensors: Physical models and biological applications of 
quartz crystal microbalance. Trends Biotechnol. 27(12), pp. 689-697. 2009.  
[87] T. M. A. Gronewold. Surface acoustic wave sensors in the bioanalytical field: Recent trends and challenges. 
Anal.  Chim.  Acta 603(2), pp. 119-128. 2007.  
[88] U. Latif, S. Can, O. Hayden, P. Grillberger and F. L. Dickert. Sauerbrey and anti-sauerbrey behavioral studies in QCM 
sensors—Detection of bioanalytes. Sensors Actuators B: Chem. 176(0), pp. 825-830. 2013.  
[89] C. Steinem and A. Janshoff, "SENSORS: Piezoelectric resonators," in Encyclopedia of Analytical Science, 2nd ed., W. 
Paul, T. Alan and P. Colin, Eds. Oxford: Elsevier, 2005, pp. 269-276. 
[90] P. Lieberzeit and F. Dickert. Sensor technology and its application in environmental analysis. Anal.   Bioanal.   Chem. 
387(1), pp. 237-247. 2007.  
[91] K. Hirayama and K. Kameoka. Synthesis of polymer particles with specific binding sites for lysozyme by a molecular 
imprinting technique and its application to a quartz crystal microbalance sensor. Japan Analyst 49(0), pp. 29-33. 2000.  
[92] K. Hirayama, Y. Sakai and K. Kameoka. Synthesis of polymer particles with specific lysozyme recognition sites by a 
molecular imprinting technique. J Appl Polym Sci 81(14), pp. 3378-3387. 2001.  
[93] H. C. Zhou, L. Baldini, J. Hong, A. J. Wilson and A. D. Hamilton. Pattern recognition of proteins based on an array of 
functionalized porphyrins. J.  Am.  Chem.  Soc. 128(7), pp. 2421-2425. 2006.  
[94] K. Toko. Taste sensor with global selectivity. MAT SCI ENG C-BIOMIM 4(2), pp. 69-82. 1996.  
[95] E. A. Baldwin, J. Bai, A. Plotto and S. Dea. Electronic noses and tongues: Applications for the food and pharmaceutical 
industries. Sensors 11(5), pp. 4744-4766. 2011.  
153 
 
[96] A. Poma, A. P. F. Turner and S. A. Piletsky. Advances in the manufacture of MIP nanoparticles. Trends Biotechnol. 
28(12), pp. 629-637. 2010.  
[97] S. Chou and M. Syu. Via zinc(II) protoporphyrin to the synthesis of poly(ZnPP-MAA-EGDMA) for the imprinting and 
selective binding of bilirubin. Biomaterials 30(7), pp. 1255-1262. 2009.  
[98] M. Kempe, M. Glad and K. Mosbach. An approach towards surface imprinting using the enzyme ribonuclease A. J Mol 
Recognit 8(1-2), pp. 35-39. 1995.  
[99] M. Kempe and K. Mosbach. Separation of amino acids, peptides and proteins on molecularly imprinted stationary 
phases. J.   Chromatogr.   A 691(1–2), pp. 317-323. 1995.  
[100] Y. Fujii, K. Matsutani and K. Kikuchi. Formation of a specific co-ordination cavity for a chiral amino acid by template 
synthesis of a polymer schiff base cobalt(III) complex. J.  Chem.  Soc.  , Chem.  Commun. (7), pp. 415-417. 1985.  
[101] B. R. Hart and K. J. Shea. Synthetic peptide receptors: Molecularly imprinted polymers for the recognition of peptides 
using peptide-metal interactions. J.  Am.  Chem.  Soc. 123(9), pp. 2072-2073. 2001.  
[102] K. Sreenivasan. Improving the efficiency of imprinting in poly(HEMA) for polyaromatic hydrocarbon using silver ions. J 
Appl Polym Sci 109(5), pp. 3275-3278. 2008.  
[103] K. Haupt and K. Mosbach. Molecularly imprinted polymers and their use in biomimetic sensors. Chem.  Rev. 100(7), 
pp. 2495-2504. 2000.  
[104] C. Pellicer, A. Gomez-Caballero, N. Unceta, M. Aranzazu Goicolea and R. J. Barrio. Using a portable device based on a 
screen-printed sensor modified with a molecularly imprinted polymer for the determination of the insecticide 
fenitrothion in forest samples. Analytical Methods 2(9), pp. 1280-1285. 2010.  
[105] D. Udomsap, C. Branger, G. Culioli, P. Dollet and H. Brisset. A versatile electrochemical sensing receptor based on a 
molecularly imprinted polymer. Chem.  Commun. 50(56), pp. 7488-7491. 2014.  
[106] A. Fatoni, A. Numnuam, P. Kanatharana, W. Limbut and P. Thavarungkul. A novel molecularly imprinted chitosan-
acrylamide, graphene, ferrocene composite cryogel biosensor used to detect microalbumin. Analyst 139(23), pp. 
6160-6167. 2014.  
[107] Y. Vlasov, A. Legin, A. Rudnitskaya, C. Di Natale and A. D'Amico. Nonspecific sensor arrays ("electronic tongue") for 
chemical analysis of liquids (IUPAC technical report). Pure Appl.   Chem 77(11), pp. 1965-1983. 2005.  
[108] J. Zeravik, A. Hlavacek, K. Lacina and P. Skládal. State of the art in the field of electronic and bioelectronic tongues - 
towards the analysis of wines. Electroanalysis 21(23), pp. 2509-2520. 2009.  
[109] T. Takeuchi, D. Goto and H. Shinmori. Protein profiling by protein imprinted polymer array. Analyst 132(2), pp. 101-
103. 2007.  
[110] T. Takeuchi and T. Hishiya. Molecular imprinting of proteins emerging as a tool for protein recognition. Organic & 
Biomolecular Chemistry 6(14), pp. 2459. 2008.  
[111] K. D. Shimizu and C. J. Stephenson. Molecularly imprinted polymer sensor arrays. Curr.  Opin.  Chem.  Biol. 14(6), pp. 
743-750. 2010.  
[112] T. R. L. C. Paixao and M. Bertotti. Fabrication of disposable voltammetric electronic tongues by using prussian blue 
films electrodeposited onto CD-R gold surfaces and recognition of milk adulteration. Sens.  Actuator B-Chem. 137(1), 
pp. 266-273. 2009.  
[113] M. O. Salles, M. Bertotti and T. R. L. C. Paixao. Use of a gold microelectrode for discrimination of gunshot residues. 
Sens.  Actuator B-Chem. 166(0), pp. 848-852. 2012.  
[114] W. Novakowski, M. Bertotti and T. R. L. C. Paixao. Use of copper and gold electrodes as sensitive elements for 
fabrication of an electronic tongue: Discrimination of wines and whiskies. Microchemical Journal 99(1), pp. 145-151. 
2011.  
154 
 
[115] L. Bueno and R. L. C. Paixão Thiago. A single platinum microelectrode for identifying soft drink samples. 
Int.   J.   Electrochem 2012(0), pp. 1-5. 2012.  
[116] R. A. Lorenzo, A. M. Carro, C. Alvarez-Lorenzo and A. Concheiro. To remove or not to remove? the challenge of 
extracting the template to make the cavities available in molecularly imprinted polymers (MIPs). Int.   J.   Mol.   Sci. 
12(7), pp. 4327-4347. 2011.  
[117] A. Ellwanger, C. Berggren, S. Bayoudh, C. Crecenzi, L. Karlsson, P. K. Owens, K. Ensing, P. Cormack, D. Sherrington and 
B. Sellergren. Evaluation of methods aimed at complete removal of template from molecularly imprinted polymers. 
Analyst 126(6), pp. 784-792. 2001.  
[118] H. F. EL-Sharif, H. Yapati, S. Kalluru and S. M. Reddy. Highly selective BSA imprinted polyacrylamide hydrogels 
facilitated by a metal-coding MIP approach. Acta Biomaterialia 28(0), pp. 121-127. 2015.  
[119] L. D. Bolisay, J. N. Culver and P. Kofinas. Optimization of virus imprinting methods to improve selectivity and reduce 
nonspecific binding. Biomacromolecules 8(12), pp. 3893-3899. 2007.  
[120] L. Loo, R. H. Guenther, S. A. Lommel and S. Franzen. Infusion of dye molecules into red clover necrotic mosaic virus. 
Chem.  Commun. (1), pp. 88-90. 2008.  
[121] Z. Niu, M. A. Bruckman, B. Harp, C. M. Mello and Q. Wang. Bacteriophage M13 as a scaffold for preparing conductive 
polymeric composite fibers. Nano Research 1(3), pp. 235-241. 2008.  
[122] Q. Gai, F. Qu, T. Zhang and Y. Zhang. The preparation of bovine serum albumin surface-imprinted superparamagnetic 
polymer with the assistance of basic functional monomer and its application for protein separation. J CHROMATOGR 
A 1218(22), pp. 3489-3495. 2011.  
[123] I. R. Maine, R. Atterbury and K. Chang. Investigation into the animal species contents of popular wet pet foods. Acta 
Vet.  Scand. 57(0), pp. 1-4. 2015.  
[124] W. Jakes, A. Gerdova, M. Defernez, A. D. Watson, C. McCallum, E. Limer, I. J. Colquhoun, D. C. Williamson and E. K. 
Kemsley. Authentication of beef versus horse meat using 60 MHz 1H NMR spectroscopy. Food Chem. 175(0), pp. 1-9. 
2015.  
[125] Y. Inoue, A. Kuwahara, K. Ohmori, H. Sunayama, T. Ooya and T. Takeuchi. Fluorescent molecularly imprinted polymer 
thin films for specific protein detection prepared with dansyl ethylenediamine-conjugated O-acryloyl L-
hydroxyproline. Biosens.  Bioelectron. 48(0), pp. 113-119. 2013.  
[126] H. F. EL-Sharif, D. M. Hawkins, D. Stevenson and S. M. Reddy. Determination of protein binding affinities within 
hydrogel-based molecularly imprinted polymers (HydroMIPs). Phys.  Chem.  Chem.  Phys. 16(29), pp. 15483-15489. 
2014.  
[127] Y. Harinath, D. Harikishore Kumar Reddy, B. Naresh Kumar, K. Lakshmi and K. Seshaiah. Copper(II), nickel(II) 
complexes of n-heteroaromatic hydrazone: Synthesis, characterization and in vitro antimicrobial evaluation. 
J.   Chem.   Pharm.   Res. 3(1), pp. 698-706. 2011.  
[128] Y. Harinath, D. H. K. Reddy, B. N. Kumar, C. Apparao and K. Seshaiah. Synthesis, spectral characterization and 
antioxidant activity studies of a bidentate schiff base, 5-methyl thiophene-2-carboxaldehyde-carbohydrazone and its 
cd(II), cu(II), ni(II) and zn(II) complexes. Spectroc.  Acta Pt.  A-Molec.  Biomolec.  Spectr. 101(0), pp. 264-272. 2013.  
[129] D. H. K. Reddy, Y. Harinath, Y. Suneetha, K. Seshaiah and A. V. R. Reddy. Synthesis, characterization, and biological 
activity of transition metal complexes of oxadiazole. SYNTH REACT INORG M 41(3), pp. 287-294. 2011.  
[130] D. Grieshaber, R. MacKenzie, J. Voeroes and E. Reimhult. Electrochemical biosensors - sensor principles and 
architectures. Sensors 8(3), pp. 1400-1458. 2008.  
[131] M. Kyröläinen, S. M. Reddy and P. M. Vadgama. Blood compatibility and extended linearity of lactate enzyme 
electrode using poly(vinyl chloride) outer membranes. Anal.  Chim.  Acta 353(2-3), pp. 281-289. 1997.  
155 
 
[132] S. M. Reddy, J. P. Jones and T. J. Lewis. Use of combined shear and pressure acoustic waves to study interfacial and 
bulk viscoelastic effects in aqueous polymeric gels and the influence of electrode potentials. Faraday Discuss. 107(0), 
pp. 177-196. 1997.  
[133] L. Bueno, H. F. El-Sharif, M. O. Salles, R. D. Boehm, R. J. Narayan, T. R. L. C. Paixão and S. M. Reddy. MIP-based 
electrochemical protein profiling. Sensors Actuators B: Chem. 204(0), pp. 88-95. 2014.  
[134] S. M. Reddy and P. M. Vadgama. Ion exchanger modified PVC membranes-selectivity studies and response 
amplification of oxalate and lactate enzyme electrodes. Biosens.  Bioelectron. 12(9-10), pp. 1003-1012. 1997.  
[135] G. Vasapollo, R. Del Sole, L. Mergola, M. R. Lazzoi, A. Scardino, S. Scorrano and G. Mele. Molecularly imprinted 
polymers: Present and future prospective. Int.   J.   Mol.   Sci. 12(9), pp. 5908-5945. 2011.  
[136] S. Li, J. Wang and M. Zhao. Cupric ion enhanced molecular imprinting of bovine serum albumin in hydrogel. 
J.  Sep.  Sci 32(19), pp. 3359-3363. 2009.  
[137] H. K. Yuen, E. P. Tam and J. W. Bulock, "On the glass transition of polyacrylamide," in Analytical Calorimetry, 5th ed., J. 
Johnson and P. Gill, Eds. USA: Springer US, 1984, pp. 13-24. 
[138] K. L. Lee, L. C. Hubbard, S. Hern, I. Yildiz, M. Gratzl and N. F. Steinmetz. Shape matters: The diffusion rates of TMV 
rods and CPMV icosahedrons in a spheroid model of extracellular matrix are distinct. Biomaterials Science 1(6), pp. 
581-588. 2013.  
[139] D. Giesmancookmeyer, S. Silver, A. A. Vaewhongs, S. A. Lommel and C. M. Deom. Tobamovirus and dianthovirus 
movement proteins are functionally homologous. Virology 213(1), pp. 38-45. 1995.  
[140] D. R. Kryscio, M. Q. Fleming and N. A. Peppas. Conformational studies of common protein templates in 
macromolecularly imprinted polymers. Biomed.  Microdevices 14(4), pp. 679-687. 2012.  
[141] D. R. Kryscio, M. Q. Fleming and N. A. Peppas. Protein conformational studies for macromolecularly imprinted 
polymers. Macromolecular Bioscience 12(8), pp. 1137-1144. 2012.  
[142] F. A. Andersen. Amended final report on the safety assessment of polyacrylamide and acrylamide residues in 
cosmetics. Int.  J.  Toxicol. 24(2), pp. 21-50. 2005.  
[143] K. L. Dearfield, C. O. Abernathy, M. S. Ottley, J. H. Brantner and P. F. Hayes. Acrylamide - its metabolism, 
developmental and reproductive effects, genotoxicity, and carcinogenicity. Mutat.  Res. 195(1), pp. 45-77. 1988.  
[144] J. E. Klaunig. Acrylamide carcinogenicity. J.  Agric.  Food Chem. 56(15), pp. 5984-5988. 2008.  
[145] J. Park, L. M. Kamendulis, M. A. Friedman and J. E. Klaunig. Acrylamide-induced cellular transformation. Toxicological 
Sciences 65(2), pp. 177-183. 2002.  
[146] M. Friedman. Chemistry, biochemistry, and safety of acrylamide. A review. J.  Agric.  Food Chem. 51(16), pp. 4504-
4526. 2003.  
[147] J. Zajac, I. Bojar, J. Helbin, E. Kolarzyk, A. Potocki, J. Strzemecka and A. Owoc. Dietary acrylamide exposure in chosen 
population of south poland. Ann Agric Environ Med. 20(2), pp. 351-355. 2013.  
[148] A. Sen, O. Ozgun, E. Arinc and S. Arslan. Diverse action of acrylamide on cytochrome P450 and glutathione S-
transferase isozyme activities, mRNA levels and protein levels in human hepatocarcinoma cells. Cell Biol.  Toxicol. 
28(3), pp. 175-186. 2012.  
[149] J. E. Klaunig and L. M. Kamendulis. Mechanisms of acrylamide induced rodent carcinogenesis. Chemistry and Safety of 
Acrylamide in Food 561(0), pp. 49-62. 2005.  
[150] B. I. Ghanayem, L. P. McDaniel, M. I. Churchwell, N. C. Twaddle, R. Snyder, T. R. Fennell and D. R. Doerge. Role of 
CYP2E1 in the epoxidation of acrylamide to glycidamide and formation of DNA and hemoglobin adducts. 
Toxicological Sciences 88(2), pp. 311-318. 2005.  
156 
 
[151] J. S. Lafferty, L. M. Kamendulis, J. L. Kaster, J. Z. Jiang and J. E. Klaunig. Subchronic acrylamide treatment induces a 
tissue-specific increase in DNA synthesis in the rat. Toxicol.  Lett. 154(1-2), pp. 95-103. 2004.  
[152] J. Pilar, J. Kriz, B. Meissner, P. Kadlec and M. Pradny. Effect of structure of HEMA-DEGMA hydrogel matrix on diffusion 
coefficients of PEG tracers. variation of hydrogel crosslink density by change of polymer concentration. Polymer 
50(19), pp. 4543-4551. 2009.  
[153] X. Lou, S. Vijayasekaran, R. Sugiharti and T. Robertson. Morphological and topographic effects on calcification 
tendency of pHEMA hydrogels. Biomaterials 26(29), pp. 5808-5817. 2005.  
[154] L. Li and L. J. Lee. Photopolymerization of HEMA/DEGDMA hydrogels in solution. Polymer 46(25), pp. 11540-11547. 
2005.  
[155] A. Lukowiak and W. Strek. Sensing abilities of materials prepared by sol–gel technology. J.  Sol Gel Sci.  Technol. 50(2), 
pp. 201-215. 2009.  
[156] S. N. Tan, W. Wang and L. Ge, "Biosensors based on Sol–Gel-derived materials," in Comprehensive Biomaterials, 1st 
ed., P. Ducheyne, Ed. Oxford: Elsevier, 2011, pp. 471-489. 
[157] A. Mujahid, P. A. Lieberzeit and F. L. Dickert. Chemical sensors based on molecularly imprinted sol-gel materials. 
Materials 3(4), pp. 2196-2217. 2010.  
[158] B. D. Mac Craith, C. Mc Donagh, A. K. McEvoy, T. Butler, G. O'Keeffe and V. Murphy. Optical chemical sensors based 
on sol-gel materials: Recent advances and critical issues. J.  Sol Gel Sci.  Technol. 8(1-3), pp. 1053-1061. 1997.  
[159] P. C. A. Jerónimo, A. N. Araújo and M. Conceição B.S.M. Montenegro. Optical sensors and biosensors based on sol–
gel films. Talanta 72(1), pp. 13-27. 2007.  
[160] Zhou Xue, He Xi-Wen, Chen Lang-Xing, Li Wen-You and Zhang Yu-Kui. Optimum conditions of separation selectivity 
based on molecularly imprinted polymers of bovine serum albumin formed on surface of aminosilica. CHINESE J 
ANAL CHEM 37(2), pp. 174-180. 2009.  
[161] M. E. Brown and D. A. Puleo. Protein binding to peptide-imprinted porous silica scaffolds. Chem.  Eng.  J. 137(1), pp. 
97-101. 2008.  
[162] K. Lee, R. R. Itharaju and D. A. Puleo. Protein-imprinted polysiloxane scaffolds. Acta Biomaterialia 3(4), pp. 515-522. 
2007.  
[163] S. V. Aurobind, K. P. Amirthalingam and H. Gomathi. Sol-gel based surface modification of electrodes for electro 
analysis. Adv.  Colloid Interface Sci. 121(1–3), pp. 1-7. 2006.  
[164] S. Kurosawa, J. Park, H. Aizawa, S. Wakida, H. Tao and K. Ishihara. Quartz crystal microbalance immunosensors for 
environmental monitoring. Biosens.  Bioelectron. 22(4), pp. 473-481. 2006.  
[165] K. A. Marx. Quartz crystal microbalance: A useful tool for studying thin polymer films and complex biomolecular 
systems at the solution-surface interface. Biomacromolecules 4(5), pp. 1099-1120. 2003.  
[166] K. K. Reddy and K. V. Gobi. Artificial molecular recognition material based biosensor for creatinine by electrochemical 
impedance analysis. Sensors Actuators B: Chem. 183(0), pp. 356-363. 2013.  
[167] K. Reimhult, K. Yoshimatsu, K. Risveden, S. Chen, L. Ye and A. Krozer. Characterization of QCM sensor surfaces coated 
with molecularly imprinted nanoparticles. Biosens.  Bioelectron. 23(12), pp. 1908-1914. 2008.  
[168] B. Khadro, C. Sanglar, A. Bonhomme, A. Errachid and N. Jaffrezic-Renault. Molecularly imprinted polymers (MIP) 
based electrochemical sensor for detection of urea and creatinine. Procedia Engineering 5(0), pp. 371-374. 2010.  
[169] T. Zhou, K. A. Marx, M. Warren, H. Schulze and S. J. Braunhut. The quartz crystal microbalance as a continuous 
monitoring tool for the study of endothelial cell surface attachment and growth. Biotechnol.  Prog. 16(2), pp. 268-
277. 2000.  
157 
 
[170] T. F. Otero and I. Cantero. Electropolymerization of acrylamide at high current density in aqueous media. J 
Electroanal Chem 395(1–2), pp. 75-81. 1995.  
[171] J. Reuber, H. Reinhardt and D. Johannsmann. Formation of surface-attached responsive gel layers via 
electrochemically induced free-radical polymerization. Langmuir 22(7), pp. 3362-3367. 2006.  
[172] S. Krause, Polymer Chemistry: An Introduction. USA: American Chemical Society, 2000. 
[173] P. Fanjul-Bolado, D. Hernández-Santos, P. J. Lamas-Ardisana, A. Martín-Pernía and A. Costa-García. Electrochemical 
characterization of screen-printed and conventional carbon paste electrodes. Electrochim.  Acta 53(10), pp. 3635-
3642. 2008.  
[174] E. V. Suprun, V. V. Shumyantseva and A. I. Archakov. Protein electrochemistry: Application in medicine. A review. 
Electrochim.  Acta 140(0), pp. 72-82. 2014.  
[175] G. Pan, Y. Zhang, X. Guo, C. Li and H. Zhang. An efficient approach to obtaining water-compatible and stimuli-
responsive molecularly imprinted polymers by the facile surface-grafting of functional polymer brushes via RAFT 
polymerization. Biosens.  Bioelectron. 26(3), pp. 976-982. 2010.  
[176] J. Buensow, M. Maenz, P. Vana and D. Johannsmann. Electrochemically induced RAFT polymerization of 
thermoresponsive hydrogel films: Impact on film thickness and surface morphology. Macromol.  Chem.  Phys. 211(7), 
pp. 761-767. 2010.  
[177] R. Schirhagl. Bioapplications for molecularly imprinted polymers. Anal.  Chem. 86(1), pp. 250-261. 2014.  
[178] P. Salgado-Figueroa, P. Jara-Ulloa, A. Alvarez-Lueje, L. J. Nunez-Vergara and J. A. Squella. Electrochemical analysis of 
nitrofurans based on flow injection analysis on pretreated commercial carbon nanofiber screen printed electrodes: 
Determination in chicken muscle samples. J.  Electrochem.  Soc. 160(9), pp. 553-559. 2013.  
[179] H. Shiraishi, T. Itoh, H. Hayashi, K. Takagi, M. Sakane, T. Mori and J. Wang. Electrochemical detection of E-coli 16S 
rDNA sequence using air-plasma-activated fullerene-impregnated screen printed electrodes. Bioelectrochemistry 
70(2), pp. 481-487. 2007.  
[180] X. Kan, Z. Xing, A. Zhu, Z. Zhao, G. Xu, C. Li and H. Zhou. Molecularly imprinted polymers based electrochemical 
sensor for bovine hemoglobin recognition. Sensors Actuators B: Chem. 168(0), pp. 395-401. 2012.  
[181] S. Boussaad, N. J. Tao, R. Zhang, T. Hopson and L. A. Nagahara. In situ detection of cytochrome c adsorption with 
single walled carbon nanotube device. Chem.  Commun. 0(13), pp. 1502-1503. 2003.  
[182] X. Zhao, R. Liu, Z. Chi, Y. Teng and P. Qin. New insights into the behavior of bovine serum albumin adsorbed onto 
carbon nanotubes: Comprehensive spectroscopic studies. J Phys Chem B 114(16), pp. 5625-5631. 2010.  
[183] R. Schirhagl, U. Latif, D. Podlipna, H. Blumenstock and F. L. Dickert. Natural and biomimetic materials for the 
detection of insulin. Anal.  Chem. 84(9), pp. 3908-3913. 2012.  
[184] S. A. Piletsky, N. W. Turner and P. Laitenberger. Molecularly imprinted polymers in clinical diagnostics—Future 
potential and existing problems. Med.  Eng.  Phys. 28(10), pp. 971-977. 2006.  
[185] H. Hennessey, N. Afara, S. Omanovic and A. L. Padjen. Electrochemical investigations of the interaction of C-reactive 
protein (CRP) with a CRP antibody chemically immobilized on a gold surface. Anal.  Chim.  Acta 643(1–2), pp. 45-53. 
2009.  
[186] D. Kumar and B. B. Prasad. Multiwalled carbon nanotubes embedded molecularly imprinted polymer-modified screen 
printed carbon electrode for the quantitative analysis of C-reactive protein. Sensors Actuators B: Chem. 171–172(0), 
pp. 1141-1150. 2012.  
[187] B. Hou, X. Meng, L. Zhang, J. Guo, S. Li and H. Jin. Development of a sensitive and specific multiplex PCR method for 
the simultaneous detection of chicken, duck and goose DNA in meat products. Meat Sci. 101(0), pp. 90-94. 2015.  
158 
 
[188] D. Kumar, S. P. Singh, N. S. Karabasanavar, R. Singh and V. Umapathi. Authentication of beef, carabeef, chevon, 
mutton and pork by a PCR-RFLP assay of mitochondrial cytb gene. J FOOD SCI TECH MYS 51(11), pp. 3458-3463. 2014.  
[189] O. Ozgen Arun, G. CiftCioglu, S. Sandikci Altunatmaz, S. Atalay, M. Savasci and H. S. Eken. Effect of processing on PCR 
detection of animal species in meat products. KAFKAS UNIV VET FAK 20(6), pp. 945-950. 2014.  
[190] A. P. Washe, P. Lozano-Sánchez, D. Bejarano-Nosas and I. Katakis. Facile and versatile approaches to enhancing 
electrochemical performance of screen printed electrodes. Electrochim.  Acta 91(0), pp. 166-172. 2013.  
[191] J. Wang, M. Pedrero, H. Sakslund, O. Hammerich and J. Pingarron. Electrochemical activation of screen-printed 
carbon strips. Analyst 121(3), pp. 345-350. 1996.  
[192] R. Bikas, H. Hosseini Monfared, T. Lis and M. Siczek. Synthesis, structural characterization and electrochemical studies 
of an ionic cobalt complex derived from a tridentate hydrazone schiff base and azide ligands. Inorganic Chemistry 
Communications 15pp. 151-155. 2012.  
[193] A. C. Roy, V. S. Nisha, C. Dhand, M. A. Ali and B. D. Malhotra. Molecularly imprinted polyaniline-polyvinyl sulphonic 
acid composite based sensor for para-nitrophenol detection. Anal.  Chim.  Acta 777(0), pp. 63-71. 2013.  
[194] D. M. Hawkins, E. A. Ellis, D. Stevenson, A. Holzenburg and S. M. Reddy. Novel critical point drying (CPD) based 
preparation and transmission electron microscopy (TEM) imaging of protein specific molecularly imprinted polymers 
(HydroMIPs). J.  Mater.  Sci. 42(22), pp. 9465-9468. 2007.  
[195] N. Pérez-Moral and A. G. Mayes. Comparative study of imprinted polymer particles prepared by different 
polymerisation methods. Anal.  Chim.  Acta 504(1), pp. 15-21. 2004.  
[196] A. Rachkov and N. Minoura. Towards molecularly imprinted polymers selective to peptides and proteins. the epitope 
approach. Biochimica Et Biophysica Acta (BBA) - Protein Structure and Molecular Enzymology 1544(1–2), pp. 255-266. 
2001.  
[197] M. S. Lord, M. H. Stenzel, A. Simmons and B. K. Milthorpe. Lysozyme interaction with poly(HEMA)-based hydrogel. 
Biomaterials 27(8), pp. 1341-1345. 2006.  
[198] M. P. Davies, V. De Biasi and D. Perrett. Approaches to the rational design of molecularly imprinted polymers. 
Anal.  Chim.  Acta 504(1), pp. 7-14. 2004.  
[199] P. C. Weber, D. H. Ohlendorf, J. J. Wendoloski and F. R. Salemme. Structural origins of high-affinity biotin binding to 
streptavidin. Science 243(4887), pp. 85-88. 1989.  
[200] S. Freitag, I. Le Trong, A. Chilkoti, L. A. Klumb, P. S. Stayton and R. E. Stenkamp. Structural studies of binding site 
tryptophan mutants in the high-affinity streptavidin-biotin complex. J.  Mol.  Biol. 279(1), pp. 211-221. 1998.  
[201] Chemical Computing Group Inc. Molecular operating environment (MOE) - molecular modeling and simulations 
programme. Chemical Computing Group Inc. [Online]. 2013(8/1), 2016. Available: http://www.chemcomp.com. 
[202] S. A. Fromm, T. A. M. Bharat, A. J. Jakobi, W. J. H. Hagen and C. Sachse. Seeing tobacco mosaic virus through direct 
electron detectors. J.  Struct.  Biol. 189(2), pp. 87-97. 2015.  
  
